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Abstract

KINETICS OF CORROSION AND DROSS BUILD-UP IN MOLTEN ZN-AL SYSTEMS

bJing Xu
This research investigates the mechanisms of corrosion attack and dross build-up in
molten Zn-Al systems. In hot-dip coating processes, molten Zn-Al baths corrode the submerged
hardware, thus requiring frequent line stoppages for maintenance, repair, and replacement of
parts. Similarly, containment of liquid Al/Al alloy during melting and recycling processes leads
to corrosion of refractory walls, contamination of melt, and subsequent product quality
deterioration as well as energy loss. The goals of the research are to (1) explore the corrosion
mechanism in molten Zn/ Zn-Al baths by studying corrosion rates and interfacial metallography;
(2) determine the kinetics of dross adhesion to the bath hardware under both static and dynamic
conditions, for example, investigate the affect of roll rotation speed on dross nucleation-growthtransformation; (3) clarify the reactive wetting behaviors of both metallic and composite
materials in contact with molten Zn/Al alloy; (4) develop and apply electrochemical methods as
effective research tools for the study of in-situ behavior of molten metal instant corrosion rates,
and interfacial performance. The research achievements, based on these objectives, will
significantly contribute to energy efficiency and productivity in the manufacturing of steel,
aluminum, and refractory materials as well as in hot-dip coating operations such as galvanize,
galvaneal, galvafan, galvalume, and aluminize. Moreover, other industries involved with the
containment, handling, and application of molten metal could also benefit from this research.

A quantitative model of dross formation is developed to help understand dross buildup on
pot hardware. The dross particle size in a lab-scale galvanizing bath exhibited a normal
distribution with an average value of 33 microns, which compares well with results from
industrial baths (35 micron). Agreement of laboratory results with industrial measurements helps
confirm subsequent experimental conclusions drawn for corrosion resistance and dross formation
mechanisms.

The static dipping tests of various types of steel in molten Zn baths focus on investigating
the general corrosion rate, based on the weight change of samples. The instantaneous corrosion
rate was investigated through electrochemical means and discussed in a following paragraph.
Dynamic effects of the rotation of the hardware were found to accelerate degradation of the

tested materials, namely 316L stainless steel, WC-Co thermal spray, and MSA2020 weld
overlay. After evaluating corrosion and dross buildup resistance, it is found that MSA2020
displays the best performance, followed by the WC-Co thermal spray. Stainless steel 316L
displayed severe dross attachment on the surface. Moreover, both metallurgical composition and
lattice structure play important roles in molten metal corrosion behavior.

The reactive wetting behavior in molten aluminum (Al) and Al alloy for three types of
alumina-silicon carbide composite refractory materials was investigated using an optimized
sessile drop method at 900ºC in a purified Ar-4% H2 atmosphere. The time dependent behavior
of the contact angle and drop geometry was monitored and the wetting kinetics were determined.
The initial contact angle between the liquid Al/Al alloy and the three refractory substrates was
found to be greater than 90° and to remain greater than 90° although gradually decreasing with
time during the first hour of the experiment. Among the three refractory substrates tested, namely
TC, TQ and MC, it was found that TC showed higher contact angle values than TQ and MC,
which indicated that TC has better non-wetting performance with molten Al/Al alloy. The
difference in wetting properties among the three types of refractories is attributed to variations in
their microstructure and composition. Magnesium in the molten Al alloy drop accelerates the
reactive wetting processes.

Electrochemical investigations were developed and carried out as an effective tool for
research on molten Zn-Al systems. The in-situ behavior of molten metal corrosion and its
corresponding instant corrosion rate, as well as in- situ interfacial performance was analyzed
with electrochemical techniques. The role of electrochemical reactions in corrosion of coated
steel is investigated at room temperature (~25ºC). It is found that dross phases display a noble
potential so as not to be dissolved by a polarization in a NaCl solution. High temperature
(>450ºC) electrochemical tests including electromotive force (EMF) tests were carried out to
study in-situ interface characteristics by calculating charge transfer numbers in a dominant
reaction. In-situ corrosion and dross nucleation-transformation behaviors are also studied from
the EMF plots and AC impedance plots. Numeric models are proposed to quantitatively analyze
the kinetics of corrosion mechanisms. The EIS spectrum simulation allows a study of the
Faradaic system through the equivalent circuit element and, therefore, predicts the behavior of

the system with regard to variation of the experimental conditions. Three time constants are
found when the electrochemical data are interpretated at different frequency domains, indicating
the resistance, capacitance, and inductance properties at the interface.

The main findings and contributions of this research are (1) experimental identification of
dross size distribution under GI operating conditions; (2) a ranking of metallic hardware
materials based on resistance to corrosion and dross build-up in GI hot-dip processes, as well as
a ranking of refractory materials based on the resistance to reactive wetting; (3) development and
application of high temperature electrochemical research tools for in-situ determination of
nucleation and transformation characteristics of dross phases in GI operations.
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1

1.1. Introduction and Background
The coating of steel with protective metals such as zinc or aluminum is an economical
means of providing corrosion resistance to various grades of steel [1]. Hot dipping of steel is one
of the most economical processes for mass production of coated steels. Hot-dip coating involves
the application of a molten coating onto the surface of the steel sheet. The four types of hot-dip
coatings that are standard in today’s steel industry are alloys of zinc and/or aluminum: (1)
Galvanize coating (Zn); (2) Galfan© coating (Zn-5%Al); (3) Galvalume© coating (Zn-55%Al);
(4) Aluminize coating (Al-8%Si).
Hot-dip galvanizing provides corrosion resistance to steel in two ways. Zinc gives barrier
protection to steel by completely covering the surface of the steel and protecting it from
corrosive environments. Zinc also acts as a sacrificial anode to iron and steel. It corrodes
preferentially leaving the base metal intact.
Batch galvanizing and continuous galvanizing are two methods of hot-dip galvanizing.
The continuous process is more advantageous for coiled products such as sheet, wire and tube,
whereas the batch process is normally used for bulk products. A schematic of pot hardware in
continuous galvanizing is shown in Figure 1.1. Components of the pot hardware are submerged
in a molten Zn bath. The materials used for pot hardware in the hot-dip coating process must be
carefully selected in order to ensure good quality of the coating and effective operation of the
galvanizing lines. The quality of coating largely depends on the condition of the hardware
submerged in the bath.
Touch rolls
Gas wiping dies

Turn down roll

Corrector roll
Deflector roll

Molten metal pot
Sink roll

Figure 1.1 Schematic diagram of pot hardware in continuous hot-dip process
2

The steel sheet to be galvanized is guided in the pot by the sink and stabilizer rolls. Since
the sheet surface physically comes into contact with the rolls, it is important to ensure good
quality of the roll surface. Therefore, reliable performance of the galvanizing roll is essential to
the productivity of a hot dip galvanizing line and the quality of coatings produced. However,
problems concerning roll corrosion and dross build up on the surface of the roll at high
temperature arise frequently, which leads to high maintenance costs in terms of extensive repair
and replacement, shown in Figure 1.2 (a). Downtime caused by a coating line stoppage results in
a great loss of energy and money.

(a)

(b)

Figure 1.2 Steel roll attacked by dross(a) macro image of the roll body with dross; (b) micro
structure of roll with intermetallic layer and dross buildup
Dross can be classified as oxide types (ZnO and/or Al2O3) and intermetallic compound
types (the constituents are Zn-Fe, Fe-Al, and Fe-Al-Zn.), as shown in Figure 1.2 (b). The latter
type tends to suspend in the bath and stick on the rolls and grow in size when Al and Fe are
present in the bath in concentrations above the solubility limits [2]. Additionally, when the
cross-sectional diameter range of the dross particles adhering to the surface of the roll reaches 15
– 30 μm, they cause coating defects on the steel sheet [3].

1.2. Research Objectives
The current research is aimed at (1) exploring corrosion kinetics and dross build-up on
industrial roll specimens rotating in molten Zn, (2) determining the nature of the corrosion attack
and intermetallic phases formed on the test roll materials through the use of electrochemical
3

measurements and thermodynamic calculations, and (3) studying molten zinc corrosion and
successive intermetallic dross nucleation and growth mechanisms. The experimental results not
only enrich the knowledge pool of liquid-metal research, but also provide useful information for
selecting roll materials and setting line operating parameters. These results also assist with
determination of line maintenance schedules and prediction of hardware lifetime.
The objectives of this research are to (1) explore the mechanisms of corrosion attack and
embrittlement of molten Zn/ Zn-Al baths on the hardware materials, by studying corrosion rates
and interfacial metallography; (2) determine the kinetics of dross formation and adhesion to the
hardware under both static and dynamic conditions by means of metallurgical tests,
morphological observation, and chemical composition analysis; (3) find the affect of dynamic
factors such as roll rotation speed on dross nucleation-growth-transformation; (4) investigate the
dross size/amount distribution formed in the Zn-Al bath; (5) clarify the reactive wetting
behaviors of both metallic and composite materials in contact with molten Zn/Al alloy, by
studying the interfacial bonding morphology and contact angles; (6) compare and evaluate the
performances of various hardware materials on their corrosion resistance and dross buildup
resistance, which aids in the development of new materials with higher stability and longer
service life; and (7) develop and apply the electrochemical methods, as effective research tools,
for the study of in-situ behavior of molten metal corrosion rates and interfacial performance.
The goal of this research program is to contribute to the energy efficiency and
productivity of steel, aluminum, and refractory materials industries, and more directly to hot-dip
coating operations for Galvanize (GI), Galvaneal (GA), Galvfan (GF), Galvalume (GL), and
Aluminize (AL). Other industrial sectors that work with molten metal, such as metal casing,
superalloys, solar energy, and nuclear energy could also benefit from the results of this research.

1.3. Overall Flow Chart
The overall flow chart shown in Figure 1.3 is a guide to experimental techniques,
materials, analytical instruments, and targeted results of this research program. The corrosion
and dross tests are conducted to study interactions between steel alloy hardware and Zn-Al
molten bath systems. A review of the literature (in the following Chapter 2) on kinetics of
corrosion and dross buildup in molten zinc-aluminum systems shows that static hot dipping tests
have been conducted; however, no significant research was found on dynamic tests regarding

4

rotating roll bodies to determine dynamic affects on corrosion and rate of dross build-up on the
rolls. The detailed dross distribution is also needed to determine the dross build-up mechanisms.
The sessile drop tests are conducted to study reactive wetting and contact angle relationships for
molten Zn-Al on several metallic and refractory surfaces. Results of this research were utilized to
differentiate between successive stages of diffusion-reaction-phase transformation in corrosion
mechanisms. This demonstrates the occurrence of corrosion reaction does not necessarily require
wetting of base materials. Previous attempts to use electrochemical methods to study roll
materials resistance to corrosion and dross buildup, are limited due to the difficulties of running
conventional electrochemical tests under high temperature conditions. In addition, elevated
temperatures capable of melting the metal complicate the experimental design and make
electrode selection difficult. High temperatures also impede exploring the element diffusion
coefficient in the molten zinc bath. Moreover, thin or discontinuous intermetallic-dross dual
layer formation results in the failure of mechanical cross section cutting and direct observation
using either OM or SEM.

1.4. Experimental Methodology
According to the three experimental methodologies implemented in this project, the main
body of this dissertation is divided into three parts, corrosion tests, sessile drop tests, and
electrochemical tests, as shown in Figure 1.3. Procedures and results for each methodology will
be explained in detail in the following chapters 3-5, including comparisons of experimental
results with mathematical models and industrial observations.
Corrosion testing covers lab-scale static immersion tests and dynamic rotation tests, both
of which aim to identify the corrosion rates and factors that either determine or influence the
corrosion behavior in molten metal bath. Chapter 3 describes static dipping tests conducted to
investigate dross formation and adhesion to the sample surface under various dipping durations.
Dross formation tests are also described in this chapter, which focuses on the relationship
between dross size/amount with respect to dwell time. A quantitative model of dross distribution
is developed to provide a detailed understanding of dross buildup and attachment. Additionally,
the hydrodynamic effect of roll rotation on dross formation is also discussed. A comparison is
made between results from static dipping and dynamic rotating.

5

Chapter 4 covers reactive wetting behavior of molten Zn and molten Al on metal matrix
composite (MMC) refractory materials and metallic materials using an optimized sessile drop
method. A static sessile drop test is conducted, where a solid droplet is directly placed on a base
before both of them are heated from a room temperature up to the required temperature. This test
is utilized to determine the time dependent behavior of the contact angle and drop geometry, thus
enabling complete characterization of the wetting kinetics. Dynamic effects on wetting kinetics
are studied by blowing heated molten metal on to the solid metallic or refractory substrates. The
differences in wetting properties of several types of base materials are discussed in Chapter 4.
Chapter 5 covers electrochemical corrosion tests that were conducted at both room
temperature (25ºC) and high temperatures (above 450ºC), in order to study the fundamental
mechanisms of molten metal corrosive attack and dross buildup in liquid metal baths. A series
of measurements are obtained including potentiodynamic polarization, galvanodynamic
polarization, galvanostatic dissolution, electrochemical impedance spectroscopy (EIS), cyclic
voltamettry (CV), power spectroscopic density (PSD), and electromotive force (EMF). Room
temperature electrochemical tests utilize a Zn-Al coated stainless steel as the specimen (working
electrode), which is placed into the NaCl solution (electrolyte) when an external potential or
current is applied during the test. This test starts from dissolving the outer Zn layer, followed by
dissolving the intermetallic bonding layer, and finally the dissolving is expanded down to the
steel substrate. Since dross phases are found to show a more noble potential than other phases in
the testing system, the electrochemical polarization is only capable of dissolving the Zn-Al
matrix and intermetallic bonding where dross phases start to nucleate. Therefore, the study of
room temperature electrochemical behaviors of Zn-Al coated steel is useful to investigate the
dross nucleation-formation. On the other hand, High temperature electrochemical tests are
conducted at temperatures above the melting point of Zn-Al alloy. These tests utilize a bare
stainless steel dipping in GI bath as a working electrode, while molten salt are used as an
electrolyte (the ionic conductor) at high temperature (above 450ºC). The high-temperature test
cell is built up by applying the concept of an aluminum concentration cell and is used to detect
in-situ molten metal corrosion and dross nucleation behavior. By interpretating the EMF and
electrochemical data, the kinetics of dross transformation can be analyzed. The design scenario
as well as detailed experimental equipment and testing procedures are described in Chapter 5,
along with an in-depth discussion of a numerical model based on equivalent circuits.

6

1.5. Microscopic Analyzing Methodology
Optical microscopy was performed in the Metallography Laboratory at West Virginia
University. Microphotographs are taken at magnifications of 12x to 500x. SEM analysis is
conducted on a Hitachi-4700 Scanning Electron Microscope equipped with a fully automated
Energy Dispersive Spectrometer (EDS). Photomicrographs were taken using both back-scattered
electron (BSE) image mode and secondary electron image mode. BSE mode helps to identify
interfacial reaction layer and inhibition layer since the bonding areas consist of Al enriched
phases such as Fe2Al5Znx. X-ray elemental mapping is another powerful tool in SEM to reveal
elemental segregation by scanning the distribution of a selected element in the sample.
EDS utilizes a special detector attached in the SEM chamber to collect characteristic Xray photons excited from the metal sample by the electron beam. A correction algorithm is used
to semi-quantitatively determine the chemical composition by comparing the collected elemental
intensities with available standards. Multi-element standards and pure element standards were
both used in the EDS analysis.
Besides EDS, aberration-corrected electron microscopy allows quantitative chemical
analysis of bulk microstructures at the sub-micron level. The electron microprobe, more
formally called the Electron Probe Micro Analyzer (EPMA), is based upon the electron optical
column of a conventional Scanning Electron Microscope (SEM), but incorporates a hardware
addition specifically designed for accurate, quantitative chemical analysis of solid materials. An
important capability of the EPMA is its ability to fix the beam with an automatically monitored
and regulated current at an immobile "spot" or probe of a user-defined size. This permits the
selection of single locations for irradiation at a constant electron flux over time.

7
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2.1. Fe-Zn-Al Thermodynamics
In order to analyze the mechanism of roll corrosion and dross formation in galvanizing
baths, it is essential to understand the interactions between the different elements involved.
Equilibrium status is first studied on Fe-Zn and Fe-Zn-Al systems. Fe - Zn binary phase
diagrams, together with the developments of the Fe-Al-Zn ternary phase diagram are discussed;
phase formation at thermal equilibrium conditions are also discussed in this section for the
application of hot-dip galvanize and galvanneal processes.

2.1.1. Fe - Zn Binary Phase Diagram And Equilibrium Phase Formation
Before studying compositional effects that occur in hot-dip process, it is helpful to
develop an understanding of iron-zinc reactions. During galvanizing in pure zinc, a metallurgical
bond is formed between zinc and the base metal, iron or steel. This happens due to the diffusion
of zinc atoms into the steel and iron atoms. The molten zinc reacts with iron and forms a series
of Fe - Zn intermetallic compounds (IMC) following the Fe - Zn binary phase diagram shown in
Figure 2.1(a); the zinc rich portion of the diagram is seen in Figure 2.1(b).[1]
The composition and properties of the phases that form during galvanizing are given in
Table 2.1, and a typical cross-section morphology for a pure Zn hot-dip galvanized coating is
shown in Figure 2.2. The IMCs formed increase in Fe content from the pure η-Zn outer-most
layer to the Fe substrate. The nucleation of the Fe - Zn intermetallic phases starts at the
substrate, where the first phase to nucleate is the ζ – zeta phase, followed by the δ – delta and
gamma phases ( Γ + Γ 1). The zeta and delta phases form a continuous layer after 5 seconds of
dipping, while the gamma layer forms after an incubation time of 30 seconds [4]. From Figure
2.2, the thin layer between the steel substrate and the delta phase is the gamma phase ( Γ + Γ 1).
The delta (δ) phase has a columnar morphology as a result of a preferred growth perpendicular to
the interface in a direction along the (0001) basal plan of the hexagonal structure [2]. After time,
cracks form along this basal plane of the delta (δ) phase layer, that can extend into the zeta (ζ)
phase layer above and the gamma ( Γ + Γ 1) phase layer below.
It has been seen that for short immersion times of 300 seconds up to longer immersion
times of 6 hours, the zeta (ζ) phase layer grows rapidly initially and then slows down in a
columnar morphology that is supersaturated in Fe. While the growth of the delta (δ) phase layer
is slow, its thickness increases rapidly with time.
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The gamma layer forms after a longer

incubation time and reaches a maximum thickness of about 1 μm [3, 4]. The growth of all the
layers is diffusion controlled and follows the parabolic law.
The Fe-Zn IMCs exhibit very unstable behaviors since their enthalpies of formation are
small and very close to each other. Due to small differences in the free energies of these IMC,
any small change in the system can cause unpredictable changes in their precipitation sequence.
Though the intermetallic layers provide very good bonding between the steel substrate and the
zinc outermost layer, they are very hard and brittle. The galvanized sheet is prone to shear
cracks during forming.

2.1.2. Fe - Zn - Al Ternary Phase Diagram and Equilibrium Phase Formation
It was found over 50 years ago that adding a small amount of aluminum to the Zn-bath is
a good solution to the above problem [5]. Aluminum acts as an inhibitor and slows down the
unstable reactions between Fe and Zn by forming an inhibition layer. The presence of Al breaks
the attractions of Fe and Zn. Since Al has a stronger affinity for Fe than Zn, the Al in the bath
rapidly reacts with the Fe in the substrate to rapidly form thin alloy layers on the substrate, and
act as a diffusion barrier between Fe and Zn. Formation of the diffusion barrier effectively
increases the incubation period for formation of Fe - Zn intermetallic alloys.
It has been observed that in a Zn bath that is saturated with Fe, the interaction layer
formed is Fe2Al5, with Zn present. The inhibiting phase is termed as η - phase. There is
considerable argument in the literature about the chemical formula of the η – phase: Fe2Al5Znx or
Fe2 Al5-xZnx. Owing to the fact that at high temperatures, Al and Zn are mutually soluble, the
second formula is more accurate, but owing to simplicity, the first chemical formula is widely
accepted [6]. When Al in the bath increases from 0 to 0.14%, the nature of the intermetallic
compound which is in equilibrium with the bath changes from ζ to δ to γ’, all containing some Al
in solid solution, and eventually to η [7].
Numerous efforts have been made to determine the Zn – rich corner of the Fe – Zn – Al
ternary phase diagram, since it the region of most importance to the galvanizing industry. Some
of the recent efforts made in this field can be seen in the existing literature[7, 9, 10, 8, ,9] . An
isothermal section of the Zn – rich corner of the Fe – Zn – Al phase diagram at 450 °C (842 °F),
is shown in Figure 2.1(b) [7, 10]
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During continuous galvanizing in aluminum containing zinc baths, aluminum exists in
two forms in the bath: one in solution with molten zinc and the other in the form of intermetallic
compounds. The aluminum in solution is commonly known as effective aluminum because it
reacts with iron in the substrate to form the intermetallic alloy layer on the substrate and inhibits
the formation of Fe –Zn alloy layers in the coating. The determination of effective aluminum in
the bath is essential to be able to control coating structure and thickness. The most common and
widely used formula in the industry, for determining effective Al content of a galvanizing bath is
subtracting the total iron Fe from total Al. Since the solubility of Fe in molten Zn-Al bath is not
zero, the above empirical equation under-estimates the effective bath Al content.
There is a continuous supersaturation of Fe in galvanizing baths. The existing literature
suggests that the source of Fe could be dissolution of the substrate, Fe fines from the substrate,
and/or corrosive attack of bath hardware. Irrespective of the source, the supersaturated Fe in the
bath reacts with Al present in the bath to form intermetallic compounds. Hence the effective Al
in the bath is a strong function of the amount of Fe in the bath. It is thus imperative to find the
solubility of Fe in a given galvanizing bath. This in turn helps in the estimation of effective Al in
the bath, which is essential in determining coating structure.
The liquidus in the Zn – Fe – Al phase diagram is synonymous with the Fe solubility
curve. Tang determined the solubility of Fe in molten Zn-Al alloys over the range of galvanizing
temperatures [9]. Experiments were conducted to determine the liquid surface in the Zn-rich
corner of the Zn – Fe – Al phase diagram. SEM analysis showed that ζ phase was in equilibrium
with the Fe saturated Zn bath when the Al content of the bath was 0.1 % or less. From 0.1% to
0.135 % Al, the intermetallic compound formed was the δ phase. Both ζ and δ particles were
found when the Al content was marginally over 0.1%. It was also observed that the δ phase
contained more Al than the ζ phase. The Al content in ζ and δ particles was found to increase
linearly with increasing Al content in the bath, and was independent of the temperature. The
equations relating the Al content in ζ and δ particles with the Al content of the bath is given in
the following equations, where XAl is the Al content in ζ particles in molar fraction for Equation
2.1, and η particles for Equation 2.2, and XOAl is Al content of the alloy in weight percent.
X Al = 0.164 X OAl (R 2 = 0.9083)

(Equ. 2.1)

X Al = 0.420 X OAl (R 2 = 0.9009)

(Equ. 2.2)
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Using data from his experiments and other researchers, Tang related the solubility
product of Fe and Al to the temperature to obtain an equation for determining the liquid phase
boundary for the Fe2Al5Znx-liquid two-phase region. The data was fit with a regression line and
is given in Equation 2.3, where [Fe] and [Al] are the soluble Fe and Al contents for a given Zn –
Al – Fe bath in wt%, and T is the bath temperature in degrees Kelvin.
ln [ Fe] [ Al ] = 28.1 −
2

5

33066
T

(Equ. 2.3)

In ζ and δ liquid two-phase regions, increasing Al content results in the decrease in Fe
solubility due to the formation of a solid solution of Al. Hence the δ to η transition composition
was found to be 0.134 % Al at 450ºC (842 ºF) [10]. This composition is called the “knee point”.
It is a reference point to determine the bath composition for galvanizing and galvannealing. This
is shown in Figure 2.3 (b).
A study was conducted to determine the Al distribution in a galvanizing line [10]. Bath
samples were taken from three different depths in the bath simultaneously. The data was plotted
on an isothermal section of the ternary Zn – Fe – Al phase diagram, in terms of total Fe and total
Al. It was seen that the data lies along a tie line in the liquid –η two phase region. It was
concluded that the effective Al content in the bath is a function of temperature only. It was
found that effective bath Al increased with increasing temperature when the Al content in the
bath was above the knee point. The η intermetallic particles floating in the bath act as both sink
and source of Al. When the bath temperature is decreased, these particles precipitate out of the
bath, and they re-dissolve into the bath when the temperature is increased.
Mc Dermid, Baril, and Thompson [12] conducted experiments to determine the Fe
solubility in an effort to redefine the Fe solubility curve proposed by Tang. Experiments were
conducted at a temperature interval of 5 ºC from 450 ºC to 480 ºC (842 ºF to 896 ºF). Al content
was varied from 0.09 to 0.12 wt %. Filtered and non-filtered bath samples were taken at regular
intervals. The filtered samples were dissolved in 10% HCl and were analyzed for chemical
composition using ICP.

The non-filtered samples were used to analyze the intermetallic

particles. The results of the filtered samples were plotted as wt% Fe vs. wt% Al for 450 ºC, 460
ºC, 470 ºC, and 480 ºC. An equation was obtained for the solubility curve in the δ+ liquid region
as Equation 2.4.
ln [ Fe][ Al ]

0.30

= 11.794 ± 1.556 −

11746 ± 1199
T
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(Equ. 2.4)

Similarly, the solubility curve in the η + liquid region is given as Equation 2.5.
ln [ Fe ] [ Al ] = 24.247 ± 4.221 −
2

5

30391 ± 3106
T

(Equ. 2.5)

It has been seen that the Fe solubility as predicted by Tang is slightly higher than that
predicted by McDermid, et al. But both the data seem to lie within the same experimental
confidence levels of 95%.

2.2. Fe-Zn-Al Reaction Kinetics
The kinetics of Fe-Zn phase formation in Zn coatings containing an Fe2Al5 inhibition
layer (Zn-0.20 wt% Al bath [7]) has recently been studied for a series of steels and contrasted to
coatings without an inhibition layer (Zn-0.00 wt% Al bath [11]). Fe-Zn phase formation
followed the sequence outlined in Figure 2.4.
To evaluate the kinetics of Fe-Zn alloy layer growth, a power-law growth equation is
generally used to interpret the growth rate data [12], as follows:

Y = Kt n

(Equ. 1.6)

Where Y is growth layer thickness, K is growth rate constant, t is reaction time, and n is
growth rate time constant, which is an indication of the type of kinetics controlling the growth of
the layer under study. An n value of 0.5 is indicative of parabolic diffusion controlled growth,
while an n value of 1.0 is representative of linear kinetics in which growth is interface controlled.
Previous research results [6] show that in long time immersion values of n tend to be around 0.5
for delta (δ) phase layer growth and total layer growth. Values for the zeta (ζ) phase layer and
gamma (Γ + Γ1) phase layer growth were lower, around 0.35 and 0.25 respectively. The total
layer should reflect the dominant alloy layer phase in the total coating.

2.3. Dross in Continuous Galvanizing Lines
It can be seen from the binary phase diagrams of Fe – Zn and the ternary phase diagram
of Fe – Zn – Al that different intermetallic compounds can form due to changes in temperature
and concentration of the different elements. These intermetallic compounds constitute the alloy
layer on the galvanized steel sheet. Due to various reasons that are described later, these
intermetallic compounds are also found as particles in the galvanizing bath. Depending on the
nature of these intermetallic particles, they sink to the bottom of the bath, float on the top of the

15

bath or remain suspended within the bath. They are termed as dross particles and they adversely
affect the efficient operation of the galvanizing line. Dross pick-up on the coatings in steel sheet
is one of the main defects in hot-dip coating.
It has been seen that dross particles are always present in the industrial galvanizing bath
despite good bath management practices. Dross particles present in the bath are in continuous
motion due to the rising and sinking of the particles of different densities when compared with
molten Zn, and due to the rotation of the rolls in the bath. These particles tend to cause a
problem when they stick on to the surface of the roll and then grow by agglomeration. Once the
particles stuck on the roll are big enough, they begin to scratch the steel sheet and impair the
quality of the product.

2.3.1. Causes of Dross Formation
The reason for dross build-up and growth on the surface of the roll is two fold. It is
assisted by both mechanical and chemical processes. Dross particles impinge on to the roll,
which is rotating at a constant velocity. Once they stick on to the roll, more dross particles start
to stick on to the dross particle on the roll. This form of impingement and adherence is a
mechanical process. The roll submerged into the Zn bath undergoes dross attack.
It has been found from static corrosion testing of pot hardware material, in industrial
galvanizing baths, that some elements from the substrate diffuse into the Zn bath and Zn and Al
from the bath diffuse into the substrate to form an interaction layer. Static corrosion tests of
CF3M (cast version of 316L) in industrial Galvanize bath were conducted by Liu, et al [13]. It
was found, in Figure 2.6, that after one day in the bath, that an interaction layer was formed on
the surface of the specimen. The interaction layer was identified to be a Zn-Fe-Al intermetallic
compound. Dross particles were found to be adhering to this intermetallic layer due to corrosion.
Hence it can be seen that corrosion of the substrate facilitates adherence and agglomeration of
the dross particles.
The breakdown of the inhibition layer was initially thought to be one of the main reasons
for dross formation. Since the immersion time of the strip in the bath during continuous
galvanizing is a few seconds, which is too short a time for the breakdown of the inhibition layer
to occur, this hypothesis does not seem accurate. Project ZM-385 was conducted by ILZRO to
study the intermetallic formation in continuous galvanizing baths [14]. The effects of five
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parameters: aluminum content, bath temperature, strip temperature, immersion time, and steel
type on dross formation were investigated. Different levels of bath temperature (450, 465 and
480 ºC), strip temperatures (450, 465 and 480 ºC), bath Al content (0.12, 0.15 and 0.20 %), and
immersion times (1.5, 2.5 and 6 s) were chosen to conduct experiments on interstitial free (IF),
aluminum killed drawing quality (AKQD), and high strength low alloy (HSLA) steels. No
evidence was found to support that dross particles formed in the bath due to Fe transfer from the
strip to the bath. Of all the variables examined in the study, only Al content, strip entry
temperature and bath temperature were found to affect the formation of dross in the bath. Hence
it is necessary to make sure that variations in the above three factors are minimized so as to
minimize the formation of dross.
In practical applications, Al is added to the bath during transition from Galvanneal (GA)
to Galvanize (GI) in continuous galvanizing baths in the form of Zn bars that have 10% Al
(brightener bars). These bars being lighter than the melt float on top of the bath resulting in a
supersaturation of Al, which in turn reacts with Fe and forms top dross [15]. This problem is
partly solved by the addition of 5% Al brightener bars, which sink to the bottom.

2.3.2. Nature of Dross Particles
A 3-D model representing the dross in equilibrium with the melt for a range of
galvanizing temperatures, % Al, and % Fe content in the melt, is given in Figure 2.5 [16]. It is
found from the phase diagram that the dross phase is in equilibrium with the liquid bath at a
given concentration of aluminum. Depending on the bath conditions, i.e. temperature and Al
concentration, there can be either bottom dross, or top dross or a co-existence of both dross
phases in the bath.
Table 2.2 shows the chemical composition of dross particles that could be present in the
bath with varying Al content. When the Al content in the bath is slightly greater than 0.1%, both
ζ and δ particles are present in the bath. While the ζ particles are angular and appear needlelike,
the δ and η particles are globular [9]. The density of the top dross particles is 3.9 g/cm3 and the
density of the bottom dross particles is 6.8g/cm3.
During the continuous galvanizing process, the transition between GA and GI is the δ to
η transition, also known as the knee point. GI operations are carried out in the η + L phase,
whereas GA operations are carried out either in the δ + L phase or the η + δ + L phase.
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2.3.3. Kinetics of Dross Formation and Growth
Several reactions describe dross formation, growth-dissolution and transformation from
one kind to another [17, 18] , including (1) wetting of the solid substrate by liquid zinc, (2)
dissolution of the steel by the zinc, (3) isothermal solidification of Fe-Al-Zn intermetallic
compounds, (4) solid state diffusion phase transformations, and (5) solidification of the liquid Zn
alloy. The occurrence of these reactions is in conjunction with the Le Chatelier’s principle. It
states that if any one of the conditions affecting a system at equilibrium is changed, the position
of the equilibrium shifts so as to minimize the change.

Fe2 Al5 Znx ( top dross ) U Fe and Al (in solution)
Fe p Znq ( bottom dross ) U Fe (in solution)+Zn (L)

(Equ. 2.7)

Fe2 Al5 Znx U Fe p Znq + Al (in solution)

2.3.3.1. Dross Formation
It is still unclear whether dross particles nucleate in the molten zinc bath or on the surface
of the pot hardware. The nucleation position is mainly determined by the sequence of the
element dissolving and diffusion. While iron is dissolved into the bath, both Zn and Al in the
solution diffuse towards the steel hardware. The one with the slower diffusion speed (lower
diffusion coefficient value) is the dominant factor in the nucleation process, resulting in the dross
nucleation position. Based on diverse diffusion direction, two models have been proposed to
explain the dross formation process:
i) Zn and Al atoms diffuse fast, reaching the substrate and cause nucleation and growth
of Fe-Zn-Al intermetallic compounds, which is known as dross, on the surface of steel hardware.
When the nucleated dross grows, new dross builds up at the adjacent area, and attaches, therefore
gradually forming a continuous dross layer. Guttmann[11, 21] proposed this type of Zn diffusion,
as original suggested by Hisamatsu [19].
ii) With Fe dissolved into the molten Zn bath, dissolved iron atoms react with (Al, Zn) in
the solution, nucleating the dross particles within the galvanizing bath. The intermetallic dross
particles float in the bath and stick onto the steel hardware surface, followed by agglomeration.
New dross comes into being and then continues attaching, developing the continuous dross layer
above the steel substrate.
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2.3.3.2. Temperature and Bath Al Content Influence on the Dross Formation
Effect of Al content of the bath and bath temperature on the dross formation, and growthdissolution were studied in the ILZRO ZM-385 project [20, 21].

With increase in Al

concentration, Fe was rejected almost immediately from the bath. There was a slow and constant
increase in the size of dross particles with time. The increase in intermetallic size over time due
to the addition of Al followed a linear behavior. The metallographic specimens showed that the
intermetallics were round before cooling to room temperature and irregularly shaped after
cooling to room temperature. Changing of dross particle size over time due to increase/decrease
of the bath temperature exhibits a parabolic behavior. Dross formation and dissolution kinetics
and particle size distributions during bath transitions were studied for various test conditions
including Al and bath temperature variation by Strutzenberger, et. al. [22]. It was observed that
the mean diameter of the particles increased after a few days into the test.

Though the

researchers attribute this to Ostwald ripening, other researchers have suggested that after initial
rapid growth, the main mode of growth of dross particles is agglomeration [9, 23].
In a study conducted to determine the sizes, shapes and chemical compositions of dross
particles in varying bath operating conditions [26], it was observed that the number and size of
dross particles increased with increasing Al content and decreasing temperature. A parabolic
trend was observed with the size of dross particles increasing with decrease in temperature.
However, a linear increase of dross size with increase in Al content could not be established.
This was attributed to variations in sample sizes and locations from which they were obtained
from the bath. It was noticed that dross samples taken from the top of the bath were larger than
samples taken midway into the bath.

This was attributed to the tendency of Fe2Al5 to

agglomerate into particles of larger size. From the chemical analysis, a higher amount of Al was
found in Fe2Al5 particles than was described in the existing literature. During calculations of
densities and settling velocities, it was found that when compared to the flow of Zn in the bath,
the rising and settling velocities of the dross particles is very slow. It was concluded that the
main reason for accumulation of dross is due to agglomeration of particles, and surface effects.
In addition, lines operating at GI conditions, with above 0.16% Al, had only Fe2Al5 dross
particles, whereas lines operating in the vicinity of the knee point, i.e. GA conditions had both
Fe2Al5 and FeZn7 particles. The average size of dross particles in GI lines varied from 15 to 65
microns, averaging at 34.08 microns. Smaller size of Fe2Al5 particles was observed in GA lines
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(22.46 to 29.33 microns). From the pictures taken, it could be seen that the Fe2Al5 particles were
in the process of dissolution and the FeZn7 particles in the process of nucleation. The FeZn7
particles were in the size range of 39.73 to 74.59 microns.

2.3.3.3. Flow-Induced Dross Build Up
The fact that the roller is always in motion means that corrosion occurs in a dynamic
setting. Velocity of the roller or flow of the molten Zn within the bath has a significant influence
on the corrosion rate. From studies carried out for the dynamic liquid metal corrosion of nuclear
materials, it was seen that when the velocity of flowing lead-lithium alloy was increased from
0.019 m/s to 0.18 m/s, the corrosion rate of the containment made of martensitic steel increased
from 21 to 93 μm/year [24].
Flow rate or velocity not only influence the rate of corrosion, but also the mechanism of
corrosion. When velocity is approximately zero, the case of static baths, the mass transfer from
the roll to the bath is caused mainly by the natural convection. With increasing roller speed, the
mass transfer increases creating forced convection and higher velocities, causing mechanical
flow effects to come into play [27, 25].
The response to the velocity of rotation of the roll could be chemical, structural, and/or
hydrodynamic. The chemical effect would be corrosion of the roller surface, with some elements
from the roller diffusing into the molten Zn and, in turn, Zn or Al from the bath would diffuse
into the roller material. This results in a changed composition of the molten Zn bath. The
structural effect would be changes in hardness, strength or ductility of the roller material and
changes in properties like density, of the molten Zn bath. The most important hydrodynamic
effects would be the impingement of dross particles on the surface of the roller. The chemical
and structural effects could also promote impingement of dross particles on the roller.
Depending on the nature of the flow, the controlling factor for corrosion could be mass
transport, phase transport, and/or erosion-corrosion.

In mass transport, the reactants are

transported to the surface of the roller and the corrosion products are carried away into the bath.
Diffusion due to concentration gradient is the controlling factor for this kind of corrosion. Phase
transport happens in the presence of multiphase flows. The driving force for this kind of
corrosion is the wetting of the roller surface by the liquid Zn. The rate of wetting is dependent
on the rotational speed of the roller. Erosion-corrosion is mainly due to abrasive effects [26]. It
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is probably the dominant mechanism of corrosion occurring in the bath hardware corrosion
scenario.
From microscopic examination, sharp edged deep pits are observed in the case of mass
transport controlled corrosion, rough surface in the case of phase transport controlled corrosion,
and shallow pits with horseshoes in the case of erosion-corrosion [29].

To isolate each

phenomenon is practically very difficult, since in the case of the rotating rolls in galvanizing
bath, there is continuous contact with the steel sheet.
It has been seen from the existing literature that though there have been some studies
about nucleation and growth of dross particles in static baths, there is no clear theory to
determine the rate at which the dross particles adhere on to roll and grow by agglomeration.
Also, there are no dynamic tests conducted to find the kinetics of adherence and agglomeration
of these dross particles on the rotating roll body. The research reported in this dissertation is
aimed at targeting the above issues and studying in detail, the kinetics of dross build-up and
growth on roll bodies.

2.4. Wetting and Contact Angle
Wetting phenomena have been studied scientifically during the past 200 years with
strongly varying interest. Thomas Young introduced in 1805 a simple equation that equilibrates
the forces at the contact point of a liquid drop on a solid surface [27]. Experimentally, wetting
phenomena proved to be a rather difficult field of research. While contact angles seem quite easy
to measure, deeper insight can only be gained by assessing the physical properties of minute
amounts of material, as provided by the molecularly thin wetting layers. At the same time, the
variations in the chemical potential relevant for studying wetting transitions are very small, such
that system stability sometimes poses hard to solve practical problems. The measurements of
static angles of contact are generally considered to be precise to ± 3º, this residual variation
being due to experimental conditions. The study of the dynamics of liquid drops impinging onto
surface [28] has recently been shown to help improving the fabrication of micro-arrays [29].
Since those show that the drops deviate strongly from being spherical, the determination of the
contact angles is more difficult, but a single movie of the interaction of the drop onto the solid
surface is sufficient to measure the dynamic angles of the liquids and to permit the determination
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of the advancing and receding angles, at time scales coming close to the limit of supersonic
monolayer coverage.
Nowadays, the technique of the sessile drop is the most widely used method to measure
the contact angle. Due to the difficulties encountered to accurately estimate the contact angle, the
domain has had a long-standing development. Direct measurements using goniometer on
telescope, protractor on pictures (or its computer-based equivalent) are still widely used.
Understanding high-temperature wetting behavior in liquid metal of solid alloy/ceramic
systems is critical for improving industrial liquid phase-assisted processes and the quality of the
final product. The study of the wetting behavior at elevated temperatures, therefore, constitutes
one of the most important scientific aspects of high-temperature liquid phase materials
processing stimulated by the needs of modern metallurgy and foundry industry.

2.4.1. Reactive Wetting of Ceramic Materials by Molten Metal
The wetting of ceramic surfaces by molten metals is one of the most important
phenomena to consider when designing and producing metal matrix composites. However,
ceramic materials are frequently not wetted by liquid metals. The basic reason is that most
ceramics are ionic or covalent in nature and are not compatible with the metallic species.
Wettability and reactivity determine the quality of the bonding between base materials and
molten droplets, thereby, greatly affect the final properties of the composite material. [30, 31]
There is an increased interest in reducing corrosion of ceramic materials in metallurgical
processing industries. Ceramic erosion and corrosion products can be sources of non-metallic
inclusions and contamination of the aluminum, which leads to energy and production losses.
One of the approaches taken to minimize corrosion is to reduce the metal-ceramic contact
surface by reducing the wettability between the ceramic and liquid metal. Many studies were
performed to investigate molten aluminum (Al) penetration in various ceramic materials, such as
silica, nitrides and carbides [32]. The majority of these studies addressed the penetration of SiO2
substrates (silica glass or alumino-silicate ceramics) by molten Al [33, 34, 35, 36, 37, 38].
Specific reports of exposure of SiC base plates to molten aluminum and others including Au, Sn,
Ag and Cu were found [39]. Various crystal configurations of SiC were tested on wetting with
molten Al in order to study the crystal plane directional effects on the contact angle [40].
Additionally, research regarding the wetting properties of molten Al on polycrystalline TiO2

22

substrates [41] and the wettability of TiC by molten aluminum have been performed and reported
[31].
For the interaction of SiO2 substrates with molten Al, a linear dependence of reaction
layer thickness and composition with time was found. [32, 36] Also, the wetting behavior was
found to be dependent on formation of a reaction zone by redox reactions and consisted of three
different regions with varying chemistries, dependent on the interdiffusion of Si2+, Al+, Al2+, and
Al3+. [33] During reaction, it was found that Si is released into the liquid metal and diffuses
toward the Al source. [35] This reaction was found to occur in up to five separate steps. [37]
On the other hand, penetration of silica refractories by molten Al at 700-1000oC was
studied by Brondyke using both traditional cup testing and immersion testing. [34] All tested
commercial alumina-silica refractories, used for aluminum melting applications, were found to
be wetted and subsequently penetrated on exposure to molten Al. Results indicated that problems
associated with alumina-silica refractories resulted from penetration of molten Al, side-wall
build-up, and formation of corundum and metallic silicon due to metal reaction of Al with the Si
and Si-bearing constituents.

Subsequently there was an increase in volume of penetrated

product, which led to generation of tensile stress due to aluminum oxide build-up caused by
oxidized aluminum and its alloy components around the metal line. The presence of tensile
stress would ultimately cause cracking in the refractories. Additionally, dissolution of Si
occurred in the molten Al with the penetration rate controlled by diffusion of Al and Si through
the aluminum oxide.
Therefore, it is necessary to investigate the wettability and the corrosion of different
compositions of SiC-Al2O3-Al-Si composite refractory materials by liquid Al/Al-Mg systems.

2.4.2. MMC Refractory with Molten Al/Al Alloy Analog Systems
Metal-matrix composites (MMCs) have been investigated since the early 1960s with the
impetus at that time being the high potential structural properties that would be achievable with
materials engineered to specific applications. Two technologies have been developed for the netshape solidification processing of MMC: infiltration with molten metal and slurry casting. [42]
Most of the work on metal matrix composites (MMCs) is based on Al, because of its high
electrical conductivity and low density. Recently, Mg has become an important metal to use as a
matrix, since it is approximately two-thirds as dense as Al. Magnesium does not form stable
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carbides, so carbides like TiC should be suitable reinforcements for Mg matrix composites.
However, if Mg is alloyed with elements such as Al, which can react with carbides, the
composites may not be fully stable.
Several models have been developed to predict a general wetting behavior based on
adhesion or the change in the surface energy of the system [43]. These models predict whether or
not wetting will occur, but they do not predict the rate of wetting. Besides, few experimental
studies have been carried out on the wettability of TiC by magenese including AlMg-alloys [44,
45, 46], and pure Al. More work on a kinetic and interfacial study on the wettability and
spreading behavior of TiC strengthened MMC with pure Al and Mg is required.

2.4.3. High-Temperature Wettability Measurement and Sessile Drop Techniques
Wettability measurement techniques and instrumentation for use at elevated temperatures
have become increasingly more sophisticated. The diverse array of test methods and
characterization tools has provided considerable impetus to high temperature materials research.
Methods to characterize the wettability are diverse [47, 48, 49], and include such
techniques as sessile drop, dispensed drop, transferred drop, pendent drop, maximum bubble
pressure, oscillating-levitating drop, drop weight, tensiometric immersion–emersion technique,
and tilted plate method. These diverse measurement techniques have introduced considerable
methodological disparities in contact angle and surface tension measurements. Added to these
disparities are the differences in the test equipment design and test procedures adopted by
different laboratories and researchers. [50]
At present, the experimental estimation of reliable equilibrium contact angle (denoted as
the Young’s angle, θY) at high temperatures remains a major challenge and an obstacle to
development of scientific approaches to wetting phenomena. Although ASTM standards have
been accepted for low-temperature contact angle measurements, no such standards currently
exist for contact angle measurements at high temperatures.
Young’s contact angle, θY (Figure 2.7) is an ideal quantity, theoretically defined by
Thomas Young from the mechanical equilibrium of a liquid droplet at rest on a substrate under
the action of horizontal forces at the three-phase contact line (TL – triple line) that arise from the
interfacial energies of the liquid σlv, solid σsv, and solid/ liquid interface, σsl. These
considerations yield the well-known equation: σsv–σsl = σlv cosσY.

24

Young’s contact angle θY, a unique characteristic of a solid–liquid–vapor system, is the
most widely used parameter for the estimation of the degree of wetting. Its value quantifies the
intrinsic aptitude of a liquid to spread on a solid surface. The measurements of θY and surface
tension of the liquid, σlv, allow the calculation of Work of Adhesion, Wa, a parameter that
characterizes the thermodynamic stability of interfaces between dissimilar materials and is used
to predict their potential bonding properties. Moreover, θY enters all model equations describing
the wetting of real solid surfaces, i.e. surfaces with a certain roughness and degree of chemical
heterogeneity.
Fundamentally, the experimental values of contact angles may be obtained from (1)
direct manual measurement of the tangent of a liquid drop with a solid surface base using a
goniometer-sessile drop technique; (2) indirect methods based on measurements of drop
dimensions from its image; and (3) advanced axisymmetric drop shape analysis (ADSA), which
allows simultaneous determination of three important parameters of the drop: θ, σlv, and the
liquid density,ρ. This is done by fitting the experimental drop shape to the theoretical drop
profile according to either the Laplace or Dorsey equations.
For real systems, no existing theoretical approximation permits quantitative interpretation
of experimental values of the contact angle hysteresis because such approximations were
developed for model surfaces of simplified and idealized geometry.

In order to select

meaningful experimental data and avoid misinterpretation, particularly for high temperature
tests, careful experimentation and appropriate test methodology should be implemented.
Consistency and reproducibility in test methodology is essential to eliminate the negative
influence of extraneous factors in wettability measurements.
Here is the summary of the wettability testing information that is widely implemented at
present.
(1)

Test method: SD – classical sessile drop, DP – dispensed drop, DP-me –

dispensed drop using mechanical extrusion of drop, DP-gas – dispensed drop using gas pressure
difference in a capillary for drop extrusion, TD – transferred drop method, PD – pendant drop,
LD – large drop, ED – expanded drop, MBP – maximum bubble pressure, OLD – oscillatinglevitating drop, DW – drop weight, TIE – tensiometric immersion–emersion technique, TP –
tilted plate.
(2)

Temperature monitoring and control: TC (thermocouple); P – pyrometer.

25

(3)

Atmosphere: Dynamic or static, vacuum level or gas pressure; give the vacuum

level usually reached at room temperature before heating as well as during the test.
(4)

Atmosphere control: RGS – residual gas spectrometer or other methods connected

to the test chamber.
(5)

Heater: Mo, Ta, graphite etc.

(6)

Heating procedure: CH – contact heating, NCH – noncontact heating.

(7)

Vacuum system: ODP – oil diffusion pump, TMP – turbo-molecular pump, IP –

ionic pump.
(8)

In situ control/sample preparation: Auger spectrometer connected to sessile-drop

test unit to allow surface characterization directly before or at the conclusion of the wettability
test without opening the vacuum chamber; ion beam etching, etc.
(9)

Drop imaging and recording: VP – in vertical plane; HP – in horizontal plane; VP

plus HP; PC – photo camera; DC – digital camera; VC – video camera; AI – automatic imaging.
(10)

Processing of the results: M – manual; BA – using Bashworth- Adams’ tables;

ADSA – axisymmetric-drop-shape analysis computer program.
(11)

Additional improvements: e.g., application of oxygen getter etc.

2.5. Electrochemical Study in Hot-Dip Galvanization Research
2.5.1. Electrochemistry Application in Galvanizing Field
It is well known that electrochemistry study has been employed in the galvanizing field to
evaluate the corrosion resistance behavior of GI coatings. Since different Fe-Zn-Al intermetallic
phases formed in the coatings present different electrochemical behaviors, such as the protective
potential plateau values, the electrochemical cell has advantages for evaluating galvanic
protection effects and in determining corrosion rates and reaction kinetics. Previous experiments
have been carried out using rotating disk electrodes [51], CV [52], EIS [53, 54, 55], and
polarization [56]. A variety of mathematical models have been constructed that correspond to the
structure and properties of processes taking place in the electrochemical systems under study,
[57]. Iterative parameter identification techniques are used to select the coefficients of models to
minimize the error between experimental data and model calculation. The electrochemical
behavior was studied by Lee et.al [58] which showed that the polarization resistance value
increased with increase in Fe content.
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The corrosion potential of all three Zn-Fe alloy phases (ζ, δ, Γ) are measured by using
saturated calomel reference electrode and it is found that potential of all three phases are lower
than that of pure Fe(-0.67V), but higher than the value of pure Zn (-1.03V) [59]. When the
immersion time increased, the fraction of Zn at the surface decreased gradually. The resulting
depletion of the alloy surface induced a potential shift in the anodic direction due to the presence
of Γ phase.
Electrochemical impedance spectroscopy (EIS) is an example of frequency response
analysis that has proved to be useful in both applied and fundamental electrochemical studies
[60, 61, 62], as well as in other disciplines [63]. The power of the technique is its ability to
distinguish among the interfacial processes with different time constants [64]. One of its
advantages is the possibility of studying the relaxation of electrode surface from adsorbed
species and growth of layers. The impedance spectra usually show one or several relaxations
[65]. It has been shown that the relaxation of the active area can generate either an inductive or a
capacitive loop characterized by distributed time constants [66]. Various processes are generally
involved in the high temperature electrochemical process: ion transport, ion adsorption, multistep charge transfer, nucleation and growth. [67, 68, 69] Hence any of the above processes can
limit the reaction rate and must be correctly incorporated in a model. The surface diffusion of
atoms can also be a determining step in the overall mechanism. In a number of electrochemistry
studies, EIS has provided convincing evidence for ion diffusion and charge transfer [70, 71, 72,
73].

2.5.2. High Temperature Electromotive Force (EMF) Concept
Dross phase transformation and precipitation are thermochemical issues. By employing
EMF method using Al and/or Fe concentration cell [74, 75, 76], the chemical potential of Al
and/or Fe ( μ Al , μ Fe ) in the galvanizing bath, coexisting with solid dross phase, can be
experimentally determined as functions of temperature (T), and the potential stability diagram
can be estimated to illustrate the stability domains of dross phase in molten Zn bath as functions
of T and μ Al (or μ Fe ). Most of the reaction kinetics of dross transformations from one phase to
another is categorized as a heterogeneous precipitation and growth mechanism, which are
accompanied by supersaturation. The critical supersaturation boundary (CSB), defined in terms
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of T and μ Al (or μ Fe ) at the maximum extent of the metastability, can be experimentally
evaluated and illustrated in the transformation.
The concentration cell chosen to measure the electromotive forces is as follows [77].
(Anode)

M 1 − − M 2n + − solution of M2 in M1

(Cathode)

(Equ. 2.8)

Under suitable conditions, with one electrode consisting of the pure less noble component
of the alloy, the cell process will include transfer of the less noble metal from the pure state
(a0=1) into the solution, in which it has activity Al. When the process is carried out reversibly,
the EMF of the cell is given by the equation

E=−

RT
ln a1
nF

(Equ. 2.9)

Where R is the gas constant, F is Faraday constant, T is the absolute temperature, and n is
the number of electrons involved in the cell reaction. Take the Al concentration cell (type-B)
used in galvanizing bath as example.[78, 79] The cell construction is shown in Figure 2.8.
Al ( s)
0
(a Al = 1.0)

NaCl ( s )
+
NaCl − AlCl3

Na +
( β − Alu min a)

NaCl ( s )
+

Fe − Al − Zn(l )
Dross − phase( s)

NaCl − AlCl3

(a Al )

(Equ. 2.10)

Where the electrolyte is molten NaCl-AlCl3 saturated with solid NaCl. Pure Al serves as
anode while Al in Zn solution is cathode. The electrode processes are [80]:
Left − half − cell : − Al → Al + + 3e − or − Al + 3Cl − = AlCl3 + 3e

Right − half − cell : − Al + + 3e → [ Al ]Zn − Al − or − AlCl3 + 3e = [ Al ]Zn − Al + 3Cl − (Equ. 2.11)

The − overall − cell − reation − is : − Al → [ Al ]Zn − Al

The concentration cell EMF and the Al activity in the galvanizing bath can be described
through the Nernst equation:

E=−

RT
1
Δμ
ln a Al = −
( μ Al − μ Al0 ) = − Al
3F
3F
3F

(Equ. 2.12)

Where aAl is the activity of Al with pure solid as a standard state reference electrode.
Therefore, values of measured EMF are directly related to the relative chemical potential of Al,

Δμ Al = ( μ Al − μ Al0 ) , in the melt, which is equal to those in the intermetallic compounds in
equilibrium with the melt. In some experimental runs, type-A cell without the β − alumina
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membrane, were used instead of the type-B cell. No obvious difference was observed. Generally,
two kinds of experimental procedures were used for the EMF measurement:
i)

EMF measurements by varying the overall composition by adding Fe or Al into

the melt at a fixed temperature, as shown in Figures 2.9 and 2.10.
ii)

EMF measurements by varying the temperature at a fixed over composition, as

shown in Figure 2.11.
Following three condensed phases equilibria have been reported to occur in the liquidbearing Fe-Zn-Al system, in the order from low to high Al content in the melts.

( A) : FeZn13 (ζ ) = FeZn7 (δ ) = 6 Zn( L)
( B ) : 2 FeZn7 (δ ) + 5 Al ( L) = Fe2 Al5 + 14 Zn( L)
(C ) : 3Fe2 Al5 + 3 Al ( L) = 6 FeAl3

(Equ. 2.13)

( D ) : FeAl3 = Fe( L) + 3 Al
A constant value of EMF is observed at the reactions (A) through (D), shown above, i.e.,
a plateau in the plot of EMF as a function of the overall composition under the coexistence of the
three phases, because the value of freedom (f) becomes zero by the additional condition of the
fixed temperature.

2.5.3. Electrodes Selection
Concentration cells working at high temperature in the molten metal/alloys are
summarized according to served electrolytes as follows [81].
1)

Molten chloride electrolyte[82, 83, 84, 85]

Electrolyte:
(i)(KCl+NaCl+AlCl3) [86, 87, 88]; (ii) (KCl+LiCl+AlCl3) [89];
(iii) (MgCl2+KCL+NaCl+AlCl3);(iv) (NaCl+AlCl3) saturated with solid NaCl.
Anode: solid Al [90]
Cathode: (Fe-Zn-Al) molten bath
2)

Yttria-stabilized zirconia (YSZ) based solid electrolyte [91, 92]

Electrolyte: yttria stabilized zirconia
Cathode:
(i) solid (Al+Al2O3); (ii) (Liquid Zn+solid ZnO); (iii) (Liquid In+solid In2O3) [93]; (iv)
solid Pt
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Athode: (Fe-Zn-Al) molten bath
3)

Solid fluoride electrolyte [94, 95]

(i) Electrolyte could be (A) solid (SrF2-LaF3) [96]; (B) solid CaF2 [97]; (C) solid MgF2
[98, 99]
Anode: solid (Al+AlF3)
Cathode: (Fe-Zn-Al) molten bath
(ii) Electrolyte: solid MgF2
Anode: molten (Zn-Mg)
Cathode: (Fe-Zn-Al) molten bath
(iii)Electrolyte: solid (SrF2-LaF3)
Anode: solid Al
Cathode: (Fe-Zn-Al) molten bath
(iv) Electrolyte: solid CaF2
Anode: sodium beta-alumina Na2O ⋅11Al2O3
Cathode: (Fe-Zn-Al) molten bath
4)

β '' -alumina solid electrolyte [100, 101, 102, 103, 104, 105, 106, 107]

Electrolyte: β '' -alumina, which is standard sodium ion conductor
Cathode: (i) solid (Al+Al2O3); (ii) (Liquid Zn+solid ZnO);
(iii) (Liquid In+solid In2O3); (iv) solid Pt
Anode: (Fe-Zn-Al) molten bath
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Table 2.1 Composition and properties of alloy layer in hot-dip galvanizing [4]
Phases

Formula

Fe Contentwt %

Crystal Structure

Eta (η)

Zn (Fe)

0.03

Hexagonal Close Packed

Zeta (ζ)

FeZn13

5–6

Monoclinic

Delta (δ)

FeZn7 / FeZn10*

7 – 11.5

Hexagonal

Gamma - 1 ( Γ 1)

Fe5Zn21

17 – 19.5

Face Centered Cubic

Gamma ( Γ )

Fe3Zn10

23.5 – 28

Body Centered Cubic

α – Fe

Fe (Zn)

99 +

Body Centered Cubic

*Note: Bastin et al. indicates that the chemical composition of delta phase is FeZn7 [108], while
Massalski et al. regards delta phase as FeZn10.
Table 2.2 Chemical composition of dross phases present in the bath [6, 10]
Bath wt% Al

Dross Phase

wt% Al

wt% Fe

wt% Zn

> 0.14%

η – Fe2Al5Znx
(top dross particle)

37-46

31-37

18-25

0.1 - 0.135%

δ – FeZn7
(bottom dross particle)

1.5-3.5

2.2-9.5

87-93

< 0.1%

ζ – FeZn13

0.7-1.0

5.8-6.1

93.2

(a)

(b)
Figure 2.1 Fe – Zn binary phase diagram [1]
(a) complete Fe-Zn phase diagram (b) section of Zn – rich corner of Fe-Zn phase diagram
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Figure 2.2 Photomicrograph of galvanized coating [109]
(1) gamma( Γ )phase; (2) delta( δ )phase; (3) zeta( ζ )phase

(a)

(b)

Figure 2.3 Isothermal part of Zn rich corner of Fe-Zn-Al phase diagram at 450ºC
(a) Zn-rich corner of Fe-Zn-Al phase diagram; (b) close-up of Zn-rich corner
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(a)
(b)
Figure 2.4 A schematic representation of Fe-Zn phase layer formation in galvanizing bath. t0
corresponds to zero time, and development occurs according to time such that t1<t2<t3<t4.
(a) 0.00 wt% Al-Zn; (b) 0.20 wt% Al-Zn galvanizing [11, 110]

Figure 2.5 3-D representation of the liquid
surface in Zn-Fe-Al ternary system showing
dross in equilibrium with liquid [6]

Figure 2.6 SEM picture of CF3M after
submerging in GI bath [13]

33

Figure 2.7 Schematic showing the concept of
young’s contact angle, θy, for a sessile drop
resting on a solid surface

(a)

Figure 2.8 Schematic diagram of
concentration cell in EMF test [111]

(b)

(c)
Figure 2.9 EMF responses to Al additions into the molten Zn at 500ºC [99]
34

Figure 2.10 Relation between EMF of the cell and concentration of added Al and Fe and Zn[78]

Figure 2.11 Measured EMF as function of temperature, exhibiting stability regions of ζ , δ , Γ1
and Fe2Al5, in equilibrium with the liquid phase [78]
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3.1. Introduction
The purpose of this chapter is to introduce experimental techniques used for
determination of corrosion rates and factors that determine or influence corrosion behaviors in
molten metal baths.

This chapter describes basic features and theories that support the

experimental techniques developed, and consists of three main parts: (1) static dipping of
selected metallic materials in molten zinc baths, (2) dynamic rotating of selected metallic
materials in molten zinc baths, and (3) dross simulation. Results from lab-scale tests and
industrial-scale tests are discussed and compared. Further details related to the work covered in
this chapter are included in specific chapters to follow. It is not intended to include all the
experimental details, therefore, please refer to requisite references if more information is needed.

3.2. Static Immersion Corrosion in Molten Zn-Al Bath

3.2.1. Testing Materials
Both bare steel and coated steel are considered in this chapter.

The steel in this

investigation includes 316L stainless steel, 410 stainless steel and 1015 carbon steel. The
applied cladding of the 316L steel includes (1) MSA2020 coating by weld overlaying; (2)
tungsten carbide with cobalt based coating by thermal spray and laser cladding. The steel was
cold rolled and annealed prior to machining.
The chemical compositions of the materials is listed in Table 3.1. The as-received 316L
stainless specimens for the galvanizing tests were machined into rods (19.05mm diameter,
304.8mm length). Dimensions of the steel specimens for molten zinc dipping were 15.9mm
diameter, 50.8mm length. Detailed sketches and dimensions of the coated samples are shown in
Figure 3.1. Dipping tests on various materials started after the specimen pickling, degreasing
and cleaning in dilute HCl (9%), acetone and alcohol successively.
Galvanizing immersion tests were conducted in zinc alloy baths containing aluminum
ranging from 0.14% Al to 0.25% Al (GI bath) at temperatures of around 460 ± 10 ºC. The GI
bath chemistry provided from the Wheeling Nisshin Co. line is given in Table 3.2. Molten zinc
dipping test conditions are shown in Table 3.3.

The zinc dipping bath has the chemical

composition (wt %): 99.98Zn, 0.011Si, 0.003 Al, 0.002Fe, 0.002Pb. All testing conditions were
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based on an industrial survey [1] and are comparable to standard galvanizing (GI) operation
conditions. All the Zn ingots used for conducting the tests were provided by Wheeling Nisshin.

3.2.2. Testing Procedure
A matrix of immersion materials and testing parameters (as shown in Table 3.3) was
chosen for each specimen material at the specified temperature. After immersion in the motel
Zn/GI bath for a given period of time, samples were pulled out one at a time at subsequent time
intervals in order to determine the experimental corrosion degradation. The lab-scaled tester
used in the experiments is shown in Figure 3.2. The detailed testing procedure is as follows.
1)

Check graphite crucible to make sure it is well painted with Boron Nitride Lubricoat.

2)

Set the graphite crucible into the furnace and add the required amount of Zn into it. The
sequence is to add a small piece of GZ zinc ingot (one thirds of a whole ingot which was
taken from WN) first to form a molten Zn bath, and then add (2/3+1+1) ingots one by
one until reaching required zinc bath amount.
Note: The weight of one ingot is 23 kg, which is to be multiplied by three getting 69 kg.
The total Al (single phase) in three ingots is 118.6 grams.

3)

Turn on the furnace and set the temperature of the furnace to the test temperature. Since
the GI zinc ingot used as the zinc bath contains 0.1561 wt.%Al and 0.0383 wt.%Fe, its
liquidus is 480º C. In order to melt the three ingots added in the step 2, SV (the setpoint
temperature) would be above 489º C, i.e. 516º C.

4)

Mount the specimen to the specimen holder.

5)

Add 7 brightener bars (BBs). The reason for adding BBs is to increase Al% of the zinc
bath from 0.1561 wt.%Al to 0.22 wt.%Al. Its liquidus is 515º C. Wait until the PV
(actual temperature measure by thermal couple) stabilized at 516º C for 8-10 hours.

6)

Check that the SV temperature in step 3 is above the liquidus temperature of step 5.
Otherwise, reset the SV value from the one set in step 3, ensuring it is above the bath’s
liquidus after BBs are added.

7)

Take #00 bath sample out of the bath, with the single phase structure out of the bath. Set
SV to 466º C, the experimental temperature. Wait until PV reached 482º C, then dip the
316L specimen bar into the Zn bath.
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8)

Wait till the temperature of the bath has stabilized to test temperature, 466 ºC, and then
take #0 bath sample corresponding to the beginning test time (t0=0). Cover the lids of
the test setup.

9)

Run the test for the desired amount of time. At running time t1, (1) skim the top
oxidation product; (2) stir the bath, and then take #1 bath sample; (3) add BBs.

10)

When the test is finished, remove the specimen from the pot.

11)

Wait until the specimen cools to room temperature and then clean with acid. Look for
dross build-up on the specimen.

12)

Repeat the test procedure under different test conditions given in Table 3.3.
Quenching of the samples is done to prevent precipitation of secondary intermetallic

phases, which may occur due to diffusion during slow cooling. It has also been observed that if
the samples are not quenched, irregularly shaped intermetallics form, which cannot be used in
the analysis of dross particles [2]. Some researchers water-quench their samples [3], while
others observed that quenching in liquid creates a strong convention in the liquid and disturbs the
segregation of intermetallic particles in the sample, and hence quenched the sample on a thick
metal plate [4]. A cross-section of each rod was cut using Electron Discharge Machining (EDM).
The sections are then mounted and polished for the analysis in the OM, SEM, EDS, and Electron
Beam Microprobe to determine the microstructure, the concentration profiles, and compositions
of the phases. These will be used to account for corrosion and dross-pick up from the surface of
the tested specimens.

3.2.3. Dross Formation Resistance of Various Materials in Galvanizing Bath
The dross formation resistance was investigated by comparing the metallurgical
morphology of various materials in the galvanizing bath. Analysis of the interface and dross
layers formed during the corrosion testing was conducted by means of a scanning electron
microscope with EDAX.
Figure 3.3 shows the interface between the immersed materials and molten zinc. In
Figure 3.3 (a) the white stripe is the WC-Co thermal spray coating, which wets with neither the
molten zinc nor dross, and therefore a straight gap along the interface of the coating-zinc was
observed. In contrast, a dense layer mainly composed of dross, in figure 3.3 (b), was found on
top of the 316L stainless sample dipped under the same conditions. By comparing the dross
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pick-up morphology in figure 3.3, it is clear that the WC-Co coating has better dross buildup
resistance than 316L stainless.
Figure 3.4 (a) is the back-scattered electron image (BSI) of the interfacial dross layers
formed by the immersion of the 316L specimen, partially coated by MSA2020 weld overlay, in
the galvanizing bath (Zn-0.22%Al) at 465ºC for 30 days. As seen in Figure 3.4 (a), the bright
area on the left of the micrograph is the MSA2020 weld overlay (also shown as Figure 3.4 (b))
while the dark area on the right side is 316L stainless (also shown as Figure 3.4 (c)). To the right
of the substrate, a relatively thick dross layer was observed attaching on the 316L surface, but no
continuous dross layer was built up on MSA2020 except where scattered small dross particles
were detected. Both 316L and MSA 2020 had a uniform, continuous interfacial reaction layer
formed on the side of the base materials. More details are shown in close-up images in Figures
3.5 (a) and (b) comparing the wettability of the base materials by dross. The conclusion was
drawn that MSA2020 weld overlay had better non-wetting performance than 316L stainless. The
comparison results of the wetting properties of the MSA2020 and WC-Co will be given in the
following section 5.3.

3.2.4. Corrosion Resistance of Various Steels in the Zn Bath
Three types of steels (316L stainless, 410 stainless and 1015 carbon steel; chemical
compositions given in Table 3.1) were considered for this investigation. The metallurgical
morphology and elemental distribution profile after hot dipping tests are shown in figure 3.6.
Figure 3.6 (a) is the 1015 carbon steel specimen immersed in liquid zinc for 24 hours at 520°C.
A clear interface between the steel and solidified zinc was observed. From the steel face into the
residual zinc region, the concentration of iron dropped tremendously in the first 30 micron
affinity region, and then stabilized. Figure 3.6 (b) identifies the relative chemical composition
near the affinity region (location 1) at the interface, hinting that it was predominantly γ phase.
As with the carbon steel samples, the 316L stainless steel microstructures also revealed the
formation of typical Fe-Zn intermetallics, but were now impacted by the presence of chromium
from the substrate metal. Figures 3.7 (a) and (b) identify the cross-section microstructures on
316L stainless steel after immersing in molten Zn at 520°C for 96 hours. After 96 hours, a layer
of γ phase (Fe3Zn10Crx [x=2.5~3.5]) intermetallic was observed. Finally, even though 410
stainless steel possesses a considerable amount of chromium like 316L stainless, the resultant
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corrosion morphologies more closely resembled the structures observed in the 1015 carbon steel
samples. Looking at the 410 stainless steel sample which was immersed in liquid zinc for 11
hours at 520ºC (Figure 3.8 (a)), a clear interface between the steel and solidified zinc was found,
analogous to the 24 hour carbon steel immersion sample. From the stainless interface into the
solidified zinc region, the iron level decreased tremendously in the first 20 to 30 micron affinity
region, and then stabilized. Analysis of the affinity region (location 1) near the interface (Figure
3.8(b)) identifies the chemical composition representative of γ phase with a small amount of Cr.
The corrosion behavior is the major problem in such a dipping condition.
Characterization of such behavior could be carried out by identifying the corrosion rate by one of
the following methods: weight loss, semi-instant corrosion rate, or average corrosion rate.
A.

Weight loss

The calculation of weight loss directly describes the relative weight change of each
specimen over the duration of the immersion time. As expected, it was observed that the weight
of all three steel materials degraded progressively when immersed in molten zinc.
For 316L stainless and 1015 steel, Figure 3.9 (a) identifies a linear relationship of weight
loss over time with 1015 steel exhibiting greater weight depletion than 316L at a comparative
temperature (500°C). The kinetic constant of the reaction process (K) can be determined from
the slope of the plot representing the variation of the weight loss versus time. The K-values
associated with 1015 steel were K465°C = 0.018g/hr and K500°C = 0.407g/hr at 465°C and 500°C,
respectively, while 316L stainless exhibited the same K-value at both 500°C and 520°C, K316L =
0.100g/hr.
Determining the kinetic constant of 410 stainless was not as straightforward. As shown
in Figure 3.9 (b), each semi-parabolic trendline possessed an initial high-corrosion region (KI)
then a subsequent region of greater stability (KII). These K-values for 410 stainless (outlined in
Table 3.4) suggest that the weight loss was influenced by not only the bath temperature but also
the immersion time. Increasing the bath temperature accelerated the degradation of the 410
stainless with a prominent enhancement of the dissolution rate occurring between 465°C and
500°C. However, regardless of the temperature, each test eventually reached a domain of
suppressed and stabilized weight loss (and hence lower values of KII), identifying that the
corrosion slows down after a given initiation period (Region I). The reason for the corrosion
decrease is that corrosion was controlled by diffusion of reactive items. After a dwell time of a
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fast reaction (Region I), a surface layer of reaction products was accumulated, reducing the
diffusion rate and thus slowing down the corrosion process (Region II).
B.

Semi-instant corrosion rate

The determination of semi-instant corrosion rate takes into consideration the changing
surface area of each sample over the given immersion period. However, in order to compare the
corrosion data of the experiments on different specimens, it was assumed that the three materials
employed herein decayed based on uniform corrosion (i.e. all the constituents in the substrate
alloy dissolved into the bath at the same rate) [5]. The formula used to calculate semi-instant
corrosion rate is shown below:
v=

Wn − W( n −1)
A ⋅t

(Equ. 3.1)

where v represents the semi-instant corrosion speed ( g / m 2 ⋅ h ); Wn represents the
specimen weight (g) at the starting time t=0; W(n-1) represents the specimen weight (g) after
immersion in the zinc for the experimental time t (hrs); A is the specimen average surface area
(m2) at time = t.
Figures 3.10 (a), 3.10 (b), and 3.10 (c) profile the semi-instant corrosion rates (as
compared to the aforementioned weight loss) of the three steels at 465ºC, 500ºC, and 520ºC,
respectively. Taking into consideration varying surface areas of the three materials, 410 stainless
exhibited the highest semi-instant corrosion rate among the materials tested, regardless of testing
condition. Meanwhile, 1015 carbon steel showed greater corrosion rates than 316L stainless
steel.
C.

Average corrosion rate

The concept of average corrosion rate defines the thickness loss of the material as
projected over a full-year average, considering single-face zinc contact over the service period.
The prerequisite of this technical definition is that the corrosion occurs uniformly from one
exposed surface of the material, penetrating gradually into the substrate with only the depletion
in wall thickness leading to the final weight loss. This rate calculation has been found to be
relevant with respect to the degradation of the carbon steel lining of general (batch) galvanizing
kettles, which hold a given volume of zinc for long time periods. The formula used to describe
this process is shown below.
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B = 8.76

v

ρ

(Equ. 3.2)

where B represents the average corrosion rate (mm/year); v represents the semi-instant
corrosion rate ( g / m 2 ⋅ h ); and ρ the specimen density (g/cm3).

Figure 3.11 shows the

experimental relationship between average corrosion rate (squared) and time at different bath
temperatures (465ºC, 500ºC, 520ºC).
From the log-log plot shown in Figure 3.11, it can be seen that the time dependence of
the average corrosion rate displays linearity, but only after a transient period of about 24 hours.
(In other words, the variation of the average corrosion rate squared versus time cannot be
described by a straight line for durations less than 24 hours.) In general, following the initial
transient period, corrosion rates decelerated with the extension of the immersion time for all
three steels, indicating that different kinetic regimes were involved during the immersion
process. (Slopes of the linear region, representing the decay of the average corrosion rate, are
summarized in Table 3.5.)
Experimental data of the weight loss and corrosion rate clearly identified a ranking of the
liquid zinc corrosion resistance for the three steels tested. Overall, 410 stainless steel exhibited
the highest corrosion rate, while 1015 carbon steel had greater corrosion than 316L stainless
steel. One exception to this generality was the accelerated weight loss of 316L stainless steel
(relative to 1015 carbon steel) for the time period between 48 hours and 96 hours. However,
316L experienced less cumulative degradation than 1015 carbon steel at 500°C for the 180 hour
testing duration, which was in accordance with previously documented conclusions based on
experimental work at 480°C for 120 hours [6].
Earlier, it was postulated that corrosion resistance in liquid zinc is affected by not only
the concentration of alloying elements (typically Cr and Ni) in the substrate material but also the
lattice structure of the metal. Comparing the test results of 316L and 1015 reveals that the high
alloying content (up to 18%Cr when working with 11%Ni) of 316L stainless performed better
than unalloyed carbon steel. In addition, the fcc structure in austenitic 316L is more compact
than the bcc structure in ferritic 1015, providing theoretically slower diffusion and corrosion.
However, the comparison between 1015 and 410 shows that the corrosion resistance of
410 in molten zinc is worse than that of 1015, even with the presence of 12% Cr in 410 steel. It
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is believed that this difference in corrosion is due to the dissimilar lattice structures between
martensitic 410 steel and ferritic 1015 steel. The higher strain energy stored in a martensite
structure potentially makes it more susceptible to corrosion with a higher lattice diffusion
coefficient [7]. This finding is also supported by published corrosion tests of martensitic steel in
water at 588K, where specimens with wholly or partially martensitic structures were shown to
corrode rapidly. The high corrosion rates are ascribed to high phase-transformation microstrains
associated with the presence of the martensitic structure. [8, 9]

3.2.5. Corrosion Mechanism in Molten Zinc Bath
The Fe-Zn system contains numerous phases including liquid zinc (η), intermetallic
phases (γ1, γ, δ, ζ), and terminal solid solutions of α-iron (b.c.c), γ-iron (f.c.c.) and zinc (h.c.p).
The γ1 phase forms through the following peritectoid reaction at 550°C [4]:

γ + δ → γ1

(Equ. 3.3)

However, since the testing temperatures were 465°C, 500°C and 520°C, the γ1 phase was
not formed, as subsequently confirmed by SEM observation. As shown in Figure 2.1, the Fe-Zn
binary phase diagram indicates that magnetic ordering leads to a significant reduction of zinc
solubility in α-iron [10]. Additionally, the iron solubility in zinc is very low, typically 0.00002
wt.% to 0.00007 wt.% at 419°C; 0.029 wt.% to 0.030 wt.% at 450°C, and 0.038 wt.% at 460°C.
Dissolution mechanisms on steel by liquid zinc have been studied previously by several
investigators [11, 12] who have determined that the diffusion coefficient of zinc is greater than
that for steel (DZn > DFe) [13, 14]. Hence, it is believed that zinc readily diffuses into the steel
and forms intermetallic compounds. Ghuman et. al. [12] concluded that fully developed layers of
conventional Fe-Zn phases, γ , δ , ξ , resulted from the reaction of solid iron with the liquid zinc
bath for short immersion times. It is also generally agreed that the intermetallic layers formed
undergo progressive spallation and dissolution [11] after continued exposure. In support of these
previous findings, the transformation of the kinetic process may be described herein utilizing the
semi-instant corrosion rate trend for the experimental data from 1015 carbon steel immersed at
500ºC as an example (Figure 3.12). Based on further analysis of this data the transformation
may be depicted as follows:
Step 1: Fe rapidly dissolves into zinc bath.
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Step 2: The intermetallic layer on the surface of the steel specimen forms, suppressing the
swift dissolution of Fe into the bath. This intermetallic phase at the iron surface impedes
the opposite diffusion reaction between the iron and zinc. Since DZn > DFe in the reaction
layer, the interface moves deeper into the iron substrate forming a thicker intermetallic
phase over time.
Meanwhile, portions of the intermetallic layer break down and spall from the surface,
allowing the fresh iron surface to be exposed. Diffusing zinc atoms then react with the
exposed iron and initiate additional growth of the conventional Fe-Zn phases. The
iterative intermetallic formation and spallation eventually result in a cumulative weight
loss of the substrate material.
Step 3: Once the intermetallic formation rate is balanced by the spallation rate (usually
within the first 24 hours after immersion), the semi-instant corrosion rate stabilizes and
the intermetallic layers grow thicker.

This enhancement of the intermetallic layers

hinders the penetration of zinc, limiting its interaction with the iron substrate. Confirmed
by the parabolic law (Figure 3.11), the corrosion data indicate that this stage was
diffusion controlled.
It has been shown in literature that the corrosion kinetics of steels (1.4914 martensitic
steel and 316L austenitic steel) exposed to liquid gallium at 400ºC also satisfied the parabolic
law for extended immersion times (e.g. greater than 40 hours [15]).
After 24 hours and completion of the first three stages, the parabolic law indicates that
the corrosion process is controlled by diffusion. Hence, the rate of diffusion is slower than the
rate of the interfacial reaction and, thus, the intermetallic layer growth is controlled by zinc
atoms passing through the interfacial layer, driven by the concentration gradient. It seems
puzzling that the weight loss plot (Figure 3.9) reflects a linear-rate law, the weight loss was
found to be the overall result of the surface area degradation and thickness reduction. Similarly,
the average corrosion rate was based on the specimen thickness decrease, which was
measured/calculated with the assumption that the surface area did not change. Alternatively, in
order to account for the surface area changing during the experiments, the corrosion kinetics
were described by the semi-instant corrosion rate (Figure 3.12), which had not only a linear
substage representing the influence of interfacial reaction, but also a parabolic regime indicating
the subsequent diffusion dominance.
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3.2.6. Dross Formation Mechanism in the Galvanizing Bath
Multi sub-layers (sandwich structure) were observed outside plain 316L stainless
attacked by molten GI baths, as shown in Figure 3.13. From the Microprobe characterization,
the thin layer tightly adhering the 316L base was determined to be the η-Fe2Al5 phase, labeled as
layer A in Figure 3.13 (c). This alloy layer is noted to form on the surface of steels that have
been hot-dip coated in Galvanizing baths and was mentioned in various literature sources [11].
A small amount of chromium that diffused from the matrix material can also be seen in the EDS
spectrum next to the first dross layer, labeled as layer B in Figure 3.13(c). The chemical
composition of layer B was dominated by zinc. The next alloy layer was actually composed of
several scattered particles rather than a continuous layer, labeled as layer C in Figure 3.13(c), and
was identified as η-Fe2Al5 phase, too. It is noted that the average size of particles in layer C was
much larger than the average thickness of layer A, despite that both of them shared the same
chemical composition.

Within the surrounding frozen GI zinc, a crack can be seen that

propagates within the zinc area, parallel to the edge of the original specimen. This second layer
(layer C) is much thicker than the first layer (layer A), which formed adjacent to the 316L matrix.
The cracks are believed to form during the cooling process, when the samples were taken out of
the baths. The different coefficients of thermal expansion (CTE) among various intermetallic
layers lead to internal stresses. It is interesting that the cracks formed within the GI zinc layer
instead of along with the inter-phase interfaces, indicating that the bonding between different
layers is strong and cracks can not form at the interfaces.
Based on the SEM/EDS/EPMA results in Figures 3.13, the mechanism of dross formation
on bare 316L stainless is proposed as follows.
Step 1: Fe diffuses into GI bath while Zn and Al in the GI bath diffuse into 316L. The
diffusion is driven by the elemental gradient.
Step 2: In the GI bath, the diffused Fe reacts with Zn/Al forming a dross phase such as
Fe2Al5-xZnx top dross. The dross experiences nucleation and then grows to big particles.
Small dross particles suspend in the bath and tend to become large particles through
coalescence, shown as the layer C in the Figure 3.13. In the meantime, the same reaction
takes place in the 316L, and thus the intermetallic alloy layer, Fe2Al5-xZnx, was found on
the surface of the steel specimen, detected as internal layer A in the Figure 3.13.
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Step 3: The reaction front moved towards the depth of the test pieces with increasing
dipping time, leaving behind a reaction zone consisting mainly of δ phase as layer B or
aluminide as layer C formed in the reaction layers and on the surfaces of the samples.
These intermetallic phases are complex in nature and varied with the alloys.
Step 4: Layer C trends to meet layer A and coalesce into a single layer, thus reducing the
surface tension. It was found in Figure 3.13 that some areas of Fe aluminide were
intimately connected to Fe2Al5 particles building up on the sample surface. This
observation suggests that the Fe aluminide formed in the reaction layer provided ideal
sites for the attachment of Fe2Al5 particles pre-existing in the melt onto the sample
surfaces. It could also serve as the nucleation and growth site of the Fe2Al5 compounds
on the surfaces. From the Figure 3.13, it is clear that some of layer C has already
combined with layer A, while the others (of layer C) are intending to but the coalescence
has not finished yet, leaving a thin layer of the frozen intermetallic phase detected as
layer B in the middle.
Step 5: The new layer formed by combining layer A and layer C, grows thicker and then
breaks/spalls due to internal stresses. This is one of the possible mechanisms of dross
build-up on submerged hardware made of 316L stainless steel in continuous galvanizing.
In Figure 3.14, after immersed in molten GI bath for 3days, WC-Co coating (with
compact structure) did not wet with dross particles, neither the molten zinc. The same results
were detected after dipping duration was extended to 15 days. [Figure 3.15] However, it was
found that the WC-Co coating structure turned to be loose with several pores found inside the
coating after 15 days static dipping, shown as Figure 3.15. Generally, this phenomenon was due
to the zinc diffusion into the coating layer. [16] No crack was found inside the coating layer, but
iron-rich dross particles were frequently observed detaching on the surface of the coating layer,
as shown in Figure 3.15(c). It is certain that the iron did not come from the substrate because no
crack contacting with the substrate was found in this coating sample, so there is no possibility
that the iron came from the iron-base substrate. Therefore, it is concluded that the iron was from
the molten zinc bath and enriched in the reaction products (dross phases) between the molten
zinc and the WC-Co coating. Although the cobalt aluminide products were reported to be found
in WC-12Co coating dipping after 56days in Zn-0.23wt.%Al bath [19], the 15 days dipping
results performed in the wvu lab did not show any cobalt aluminide intermetallic phase. The
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assumed reason is the occurrence of phase transformation of CoAl into Fe2Al5, if the cobalt
aluminide phase was preferentially formed at the very beginning. It is known that Fe2Al5 is the
only stable compound among several Fe-Al compounds in those composition ranges of reaction
products according to the Fe-Zn-Al phase diagram at 450ºC [refer to the phase diagram in
chapter 1]. There are not FeAl2 because zinc can be dissolved up to 3 wt.% in FeAl2 while zinc
can be dissolved up to 14 wt.% in Fe2Al5. Furthermore, FeAl3 is stable in the molten zinc
containing more than 5 wt.% aluminum rather than GI bath (containing 0.23wt.%Al). CoAl
phase could be easily formed by preferential reaction of aluminum in the molten zinc with cobalt
in the WC-Co coating. The activity of cobalt should be maintained at a certain level in molten
zinc for the CoAl phase to become stable by contacting the molten zinc. Notwithstanding the
dissolution of cobalt within the WC-Co coating in the molten zinc, its amount is negligible
compared to the amount of zinc because the dissolution rate of cobalt is very low. Therefore, the
phase of CoAl has to be transformed into a more stable Fe2Al5 phase. It is reported that the
phase transformation of CoAl into Fe2Al5 is carried out via an intermittent phase such as Al-Ferich phase by increasing aluminum, iron, zinc contents and decreasing of cobalt content.
However, the cobalt solubility in Fe2Al5 is not well known yet.
Unlike the WC-Co coating, MSA 2020 was found to react with the GI molten zinc bath,
forming a layer of reaction products. A detailed cross-sectional elemental distribution line scan
across the interface is shown in Figure 3.16, with EPMA mapping shown in Figures 3.17. It is
found that within the reactive layer, the original matrix of Fe was replaced by Zn, while the
skeleton of W-Mo didn’t change. Cr-Co, which was used as a corrosion reduction element
partially diffused into the GI bath with a diffusion path from the MSA2020 base to the reactive
layer and then to the molten zinc bath. The interfacial bonding between MSA2020 and the GI
bath was very distinct, smooth and flat; as compared to the interfacial bonding between 316L and
the zinc bath which is wavy making it hard to find the original 316L edge, resulting in different
diffusion and/or reaction mechanisms (see Figure 3.13). Moreover, MSA2020 exhibits better
wetting resistance to dross particles than 316L. This is due to the difference of the reaction
layer. MSA2020 had a reaction layer enriched of W-Mo-Cr-Co, which did not wet with the
molten Zn/Al; while 316L formed a reaction layer which attracted the dross particles in the
molten bath to combine with it in order to reduce the surface tension and thus deduce the system
energy.

56

3.2.7. Dipping Time Effect on Corrosion and Dross Build-up
Figure 3.18 shows the SEM micrographs of 316L stainless steel samples after static
dipping test in GI bath for various times. The dipping time effect on 316L attacked by GI
corrosion and dross attachment is summarized in Figure 3.19. Obviously the dross layer gets
thicker with increased immersion time. It is indicated in Figures 3.18 that in the first 4 days of
dipping duration, there was a reaction layer with a thickness of less than 1 micron at the surface
of the sample. There were several dross particles with the size range of 3 to 30 microns
surrounding the steel sample and a few of them attached to the surface. The source of these
dross particles, as discussed in the previous section, was from the GI bath and from the reaction
between the sample and the bath. After 81-day dipping duration, the thickness of the reaction
layer was increased to about 30 microns. On the top of the reaction layer, there was a dross layer
and scattered dross particles. It is believed that these big dross particles were from the bath.
The thickness of the reaction layer increased with the hot immersion time while the
growth rate was nonlinear, as shown in Figure 3.20. This result supports the corrosion and dross
formation mechanism described in Section 3.2.6, where it is pointed out that the reaction layer
was formed by a step process. It is attributed to the accumulated results of the forming-spallingreforming process.
In the case of a WC-Co thermal spray coating and MSA2020 weld overlay, the dipping
time effect is shown in Figure 3.15 and Figure 3.20. Figure 3.20 compares the MSA 2020
dipping results after 30 days and 81 days, both of which were performed in industrial baths. It
was found that the MSA2020 coating did not wet with dross layer and a huge gap was observed
between them. However, the reaction layer was found to grow from 10 microns at 15 days to 60
microns at 81 days, as shown in Figure 3.21. The reason is due to the reaction between molten
Zn/Al and Fe which is the matrix of the MSA2020 (refer to table 3.1). Despite Fe consumption
during the molten GI corrosion, the corrosion resistant improvement phase, such as W or Mo,
survived without being attacked even after 81 days.

The original edge of the MSA2020

specimens was flat and neat, which could be easily observed by SEM.

3.2.8. Dipping Temperature Effect
Figure 3.22 shows the corrosion rates of the 316L, 410 stainless, and 1015 carbon steel
after static testing in the zinc bath for a period of 100 hours. Though an increase in testing
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temperature from 500 to 520ºC slightly increases the corrosion rate in all three materials, an
increase from 460 to 500ºC has a drastic effect on the corrosion rates. In this range, 410 steel
shows the most prominent increase in corrosion rate. At the final testing temperature the
corrosion rate of 410 steel was more than twice that of the other two materials. The effects of
temperature on the corrosion and intermetallic compounds formation can be discussed in the
following aspects:
(1)

Corrosion is a thermal activated process, which can be generally illustrated by Boltzmann
Equation:

C = C 0 × exp(

−Q
)
kT

(Equ. 3.4)

where C is the controlling factor of the process, such as diffusion coefficient and reaction
rate, C0 is a constant, Q is the activation energy, k is the Boltzmann constant and T is
temperature. From Eq.(3.4), it is clear that increasing temperature can accelerate the
thermal activated process.
(2)

During the Galvanizing process, if the Al content is higher than the “knee point” (around
0.13wt% effective Al at 460°C), the dominant chemical reaction in the bath is
2Fe+5Al↔Fe2Al5. In the study of Fe solubility in molten Zn alloy as a function of Al
contents and bath temperature, it has been established that [17]
ln[ Fe] 2 [ Al ]5 = 28.1 −

33070
T

(Equ. 3.5)

where [Fe] and [Al] are the Fe and Al solubility in the melt in weight percentage, and T is
the absolute temperature. Therefore, changing temperature can change the solubility of Fe
and Al in the molten Zn bath. For example, if temperature is changed from 460°C to
500°C, the equilibrium solubility product [Fe]2[Al]5 increases from 4.06E-08 to 4.20E-07.
It should be pointed out that the increase of equilibrium solubility product with
temperature means the thermodynamic driving force of corrosion increases with
temperature. However, the corrosion tests in this investigation were stopped before the
system reaching equilibrium condition. Therefore, the increase of corrosion rates with
temperature rather reflects kinetic condition, i.e. faster diffusion at high temperature, than
the increase of thermodynamic driving force.
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(3)

Changing temperature can change the Gibbs free energy of the phases and change the
equilibrium phase transformation in the alloy system. Verma’s study [18, 19] in pure Zn
bath showed that at 455°C, the well-known three-phase structure, i.e., δ-FeZn10, ξFeZn13, and η, was formed. The thin innermost γ-Fe3Zn10 layer did not form. In the
temperature range 520-550°C, it was found that coatings at the lower end of temperature
ranges had a well defined ξ-FeZn13 layer on the top of a δ-FeZn10 layer. When the
temperature was 560°C, there was a thin layer of γ-Fe3Zn10 between δ and the substrate.
Similarly to that of the Zn bath, changing temperature also changes the nature of phase
equilibrium in aluminizing bath. Fotouchi found that at temperatures below 750°C there
were two distinct intermetallic strata [20]. The outer thicker layer was identified as αFe2SiAl8, while the inner, much thinner layer consisted of θ-FeAl3. At temperatures
higher than approximately 750°C, the thinner FeAl3 was not identified, and the alloy
layer consisted entirely of α-Fe2SiAl8 .

3.2.9. Online Dipping Corrosion Test

Both 316L and MSA 2020 overlay were dipped in the industrial baths for up to 81 days.
As shown in Figure 3.23, the difference was found in dross formation between the surfaces of
316L and 2020 weld overlay. It can be noted that after 33 days there was more dross on the
316L as compared to the surface of the 2020 weld overlay. A detailed analysis showed that the
dross thickness was ~ 3X on 316L as opposed to 2020 after 33-day exposure. However, after 81
days, the dross layer on 316L was nearly 7X as opposed to that on the 2020 weld overlay. Both
316L and 2020 weld overlay showed reaction layer underneath the dross (Figures 3.23).
Although the dross layer on 316L is much thicker (Figure 3.23), the reaction layer seems to be
more in the 2020 weld overlay. Figure 3.23 shows that the reaction layer for 2020 could be as
much as ~ 2X. [21]

3.2.10. Comparison of Lab-Scaled Test Results with Industrial Dipping Results

It is indicated in Figures 3.24 and 3.25 that corrosion processes of 316L and MSA 2020
overlay in industrial baths are similar to that in lab-scale baths. However, the major differences
between them are discussed as below:
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At first, the small volume of the lab-scale static corrosion bath becomes saturated with
dissolved elements from the specimen and this will slow down the specimen’s corrosion. The
dissolution of a solid metal in molten metal is described by the Nernst-Shchukarev equation [22],
or Berthoud equation [23]. It may be written as
(Equ. 3.6)

dC/dt = K•A/V•(Cs-C)

where C is the instantaneous concentration of the dissolved metal in the melt, Cs is the
saturation concentration, K is the dissolution rate constant, A is the surface area of the solid
metal, and V is the volume of the melt. In the integrated form, Equ. (3.6) becomes (initial
conditions: C=0, t=0)
(Equ. 3.7)

C = Cs[1-exp(-K•A•t/V)]

It is indicated from Eqs (3.6) and (3.7) that if the volume of molten metal is small, the
dissolution of solid metal will increase C, and then the dissolution rate dC/dt will decrease. On
the contrary, if the volume of molten metal is large, as in industrial hot-dip baths, the dissolution
of solid metal will have a minor effect on C, then the dissolution rate dC/dt will be constant.
Tunca et al.’s investigation [24] on corrosion of Mo, Nb. Cr, and Y in molten aluminum
confirmed that in small volume of molten aluminum, dC/dt decreases with time.
Secondly, brittle intermetallic dross layers that form on the outside of a corroded
specimen would be more likely to spall off into the melt in the moving industrial bath. Since the
intermetallic phase has nobler potential and thus more stable than the substrate steel, the
breaking off of these alloy layers would facilitate faster corrosion and accelerate the new growth
in on-line testing. [25]
Finally, the flowing molten metal in the industrial bath has a strong acceleration effect on
the corrosion of the alloys. It was published that the dissolution was governed by diffusion
under laminar flow conditions regardless of the number of intermetallic compound layers formed
at the solid-liquid interface. [24] The flow pattern at various speeds, i.e. laminar or turbulent
flow, has a strong effect on the corrosion rate. These concepts can be applied to molten metal
corrosion in hot-dip industry to explain faster corrosion rates in moving industrial baths when
compared to static lab-scale baths.
3.3. Dynamic Rotation Corrosion and Dross Pick-up In Molten Zn-Al Bath

As discussed in the previous section, it is necessary to study the kinetics of dross build-up
on a roll body section, when it rotates in the bath with a constant velocity. This is done to
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simulate the dross pick-up on rollers in industrial galvanizing baths. Figure 3.2 (a) shows the lab
scale dross static/ dynamic testing setup, which is ready to be running. Figure 3.2 (b) is the
sample after the static/ dynamic experiment is finished. The roller rotates at a speed that is
equivalent to the line speed. The line speed is the speed at which the strip moves during
galvanizing. The slower the line speed, the longer is the immersion time, and the coating on the
substrate is thicker.

3.3.1. Testing Materials

The 316L stainless steel with and without coating was considered in the dynamic tests.
The applied cladding of the core 316L steel includes (1) MSA2020 coating by weld overlaying;
(2) tungsten carbide with cobalt based coating by thermal spray and laser cladding. The surfaces
of test samples were cleaned with dilute HCl, acetone and alcohol successively just prior to
assembly.
The available chemical composition of the materials is listed in Table 3.1.

The

dimension of the specimens is shown in Figure 3.1. All tests were conducted in zinc alloy baths
containing aluminum around 0.22% Al (GI bath) at temperatures of around 460 ± 10 ºC. The
test condition is based on an industrial survey and is comparable to most of the galvanizing (GI)
operation conditions, including the sample rotating speed in the hydrodynamic tests is in
accordance with most line operations when converted to actual line speed. All the Zn ingots
used for conducting the tests are provided by Wheeling Nisshin. The bath chemistry for the
Wheeling Nisshin line is given in Table 3.2.

3.3.2. Experimental Tools and Procedure

3.3.2.1 Testing Tools
A lab-scale dross simulator* was designed to run dross pick-up tests with varying test
parameters. The test machine is designed to rotate a stabilizer roll specimen in a temperature
controlled zinc bath at constant velocity. The simulator is capable of running tests of long
duration to simulate dross pick-up on a stabilizer roll body. The dross simulator consists of a

*

Lab-Scale dross simulator conceptualized, designed, and built by Dr. Xingbo Liu, James Snider, Jing Xu, and
Shalini Rangarajan, WVU.
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half-stepper motor, which rests on a top plate. The motor is connected to the drive shaft to which
the specimen is attached. The specimen is a cross-section of the stabilizer roll. The motor is
cooled with a water-cooling system, which is attached to the bottom of the top plate, below the
motor. The water-cooling system is a circular disc made of aluminum with channels machined
in it for water circulation. It consists of inlet and outlet ports. The water-cooling disc has a
matching aluminum disc just below it to provide for additional cooling. The top plate can be
lowered down and locked onto a frame.
Lowering the top plate lowers the specimen into the furnace. The furnace has a stainless
steel crucible in it, and is used to melt the zinc ingots. The motor can be moved vertically into
the zinc bath and out with the help of three guide rods and linear ball bearing pillow blocks. The
top plate has slots machined in it to facilitate removal of bath samples during the test. These
samples are used to analyze the composition of the bath at regular intervals. The dross simulator
was designed such that the specimen can be removed during the test and analyzed for dross
formation and pick-up without shutdown of the zinc bath. Figures 3.26 shows the front and top
view of the lab-scale dross simulator.
The temperature of the zinc bath is maintained constant by setting the furnace at the test
temperature. A K-type thermocouple is used to continuously monitor and record the temperature
of the zinc bath throughout the testing period. The thermocouple and the motor are connected
via a data acquisition system to the computer. The speed of the motor can be controlled with the
controller and the data acquisition system.

3.3.2.2 Testing Procedure
The dynamic test is designed to determine the influence of the speed of the roller on dross
pick-up and growth on the surface of the roller. The test procedure is as follows.
1)

Set the steel crucible into the furnace and add the required amount of Zn into it. Using
brightener bars (Zn-5%wtAl) to adjust Al% in bath to the required value.

2)

Heat up the crucible and set the temperature above the liquidus of the bath.

3)

Mount the specimen, which will rotate as the dynamic sample, to the specimen holder.

4)

After the temperature is above the liquidus, take the first bath sample which is with the
single phase structure. Set temperature back to the required experimental temperature.
Wait until the testing system is stabilized, then dip the central rod into the Zn bath, which
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works as the dynamic rod sample. Also, dip another rod, which works as the comparison
static sample without rotation during the test, beside the rotating rod in the Zn bath.
5)

When the temperature of the bath has stabilized to set testing temperature, start the motor
to the set rotating speed, and run the test for the desired amount of time. After certain
time interval, scoop out the dross sample, bath sample, and add BBs to balance the Al
loss due to the oxidation.

6)

After testing is done, turn off the motor, wait till the specimen stops spinning and remove
the specimen from the pot and quench it.

7)

Analyze dross samples, bath samples, the rotating rod and static rod, and then compare
and discuss the result, exploring the difference between static tests and dynamic test.
Testing materials and conditions for dynamic corrosion/dross buildup tests are shown in

Table 3.6. After each test, the rod was cut into cross-sections at the dross-line area. The cross
section sample was then mounted and polished for the analysis with the OM and SEM/EDAX.
Considering the influence of the rotation speed of the roller on the dross formation and build-up
at the roller surface, the comparison is to be made as the static-dynamic couple-test to investigate
the specific characteristic issues occurring only when the rotation is performed. These will also
account for kinetic dross-pick up process with accelerated diffusion resulting from the turbulence
caused by the rod rotation.

3.3.3. Corrosion-Dross Formation Resistance of 316L Stainless Steel under Dynamic
Condition

Figure 3.27 shows the SEM micrographs of 316L stainless steel samples after lab-scale
dynamic test in GI (Zn-0.22%Al) bath for 1 day, 2 days, 4 days, and 6 days, respectively. It was
indicated in figure 3.27 (a) and (b) that after two days dynamic test, (1) there was a reaction layer
with the thickness about 5 to 10 microns formed at the surface of the steel; (2) there was a semicontinuous dross layer with the average dross particle size of 15 to 20 microns next to the
reaction layer; and (3) there were few big dross particles, with the size of 50 to 150 microns,
attached to the dross layer. From figure 3.27 (c) and (d), it was found that after six days test, (1)
the reaction layer thickness kept the same around 10 micron; (2) a continuous dross layer was
formed, which combined the dross particles from both substrate side and GI bath side. This
dross layer was as thick as 50-100 microns.
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3.3.4. Corrosion-Dross Formation Resistance of WC-Co Coating under Dynamic Condition

In the previous “static” section, it is found that WC-Co coated 316L hardly wet with GI
bath. During this section, the dynamic dross buildup tests of WC-Co coating in GI (Zn-0.22%Al)
bath were performed for 15 days and 30 days. The coating was supplied by the industrial partner
Prexair Surface Technologies and the substrate is 316L stainless steel. Figure 3.28 shows the
optical image and SEM micrographs of the cross-section of WC-Co coating after tests. 15-day
dynamic test results into a part of WC-Co attacked by Zn-Al bath and turned into loose structure
with significant porosity; while WC-Co coating at the end of the specimen was broken into
pieces and peel off from the substrate, as shown in Figure 3.28 (a). After 30 days dynamic test,
more than 50% of the rod was gone by the molten bath corrosion, as shown in Figure 3.28 (b).
The EPMA analysis results provide the evidence which is used to explain the attacking
mechanism of the molten GI bath to the WC-Co coated 316L specimens under the dynamic
rotating condition. Since the coating was not applied on two ends of the 316L core (referred to
Figure 3.1a), molten zinc/aluminum attacked the specimen at the triple phase boundary (TPB) of
WC-Co/316L/molten Zn-Al. Instead of penetrating through the protective WC-Co coating layer
to reach 316L substrate, the molten Zn/Al directly met 316L at TPB and reacted with it. The
reaction products, the intermetallic dross particles, pop off the coating layer and therefore more
new fresh 316L was exposed into the GI bath. Figure 3.29 EPMA mapping shows the detail how
the intermetallic dross particles push away the WC-Co coating layer little by little. In the
mapping, the RGB (red, green blue) is used to represent the typical element to be analyzed; the
color mapping actually symbolized the elemental distribution. It is observed from the Figure
3.29 that the coating was sectioned into four pieces, two of which had already detached from the
316L base while the other two stayed with the Zn permeating beneath.
Additionally, lots of cracks were found in the WC-Co coating after 30 days of
dynamically rotating. Figure 3.28(c) shows the cross sectional graph of the above sample.
Typically molten zinc and aluminum penetrated along cracks to contact the metal substrate. The
coating layer near the crack reacted with molten Zn-Al was negligible. Cross sectional EDS
analysis results show that the filling material along the crack is the mixture of zinc and aluminum
containing a small amount of cobalt and iron. However, aluminum preferentially diffused into
the coating layer around the crack because of the strong affinity for the iron substrate. The causes
of crack formation in the coating layers could be one or more of the three possible reasons
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below: (1) residual stress build up during thermal spraying caused by improper spraying
conditions; (2) mismatch of thermal expansion coefficients between the WC-Co coatings and roll
materials; (3) the violent turbulence in the molten zinc bath caused by dynamically rotating
which leads to severe erosion because of the high viscosity of the molten metal. Because no
cracks were found in the coating that had been used in the static dipping tests, the second reason
might not be responsible for the crack formation.

3.3.5. Corrosion-Dross Formation Resistance of MSA2020 Weld Overlay under Dynamic
Condition

As shown in Figure 3.30, MSA2020 weld overlaid 316L specimen did not have
significant change after the dynamic test at the same testing condition. SEM/EDAX micrographs
(figure 3.40a) of the overlay indicated that it had better resistance to the dross buildup than bare
316L, although the overlay was attached by few dross particles, too.

Under the SEM

microanalysis and EDS elemental line scan across the sample-molten line interface, a reaction
layer was found between the MSA2020 and dross, by the side of the overlay, as was in Figures
3.31 and 3.32. EPMA elemental mapping, shown in Figure 3.33, indicates that part of the
overlay layer was corroded and replaced with the reaction layer. As shown in Figure 3.33, this
layer is enriched with Mo & W & Cr, as well as Fe, Zn, and Al. The microstructure of MSA2020
is carbides embedded in Fe-matrix. Apparently, these carbides (WC, MoC, & Cr23C6) remain
stable in Zn/Al baths, while Fe-matrix reacts with the bath and forms Fe-Zn-Al intermetallic
compounds. In addition, it is interesting that another 5 micron thick under-scale was found
between reaction layer and MSA2020 overlay, and it was enriched with both Al & Fe, shown as
Figure 3.34. The RGB microprobe mappings, showing the elemental distribution, indicate that
the under-scale was continuous and bonded with MSA2020 and reaction layer at both sides.
By comparing 2020 overlay dynamic tests for 15days and 30 days in Figure 3.31, no
obvious difference was found on the thickness of either dross buildup or reactive layer formation
after extending dynamic testing duration from 15days to 30 days.

3.3.6. Rotating Rate Effect on Corrosion and Intermetallic Dross Layer Formation

Dynamic rotating tests were conducted at varied rotating speed. Figure 3.35 shows the
SEM micrographs of 316L stainless samples after lab-scale test for 2 day without and with
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different rotating rate, namely 60 rpm and 90 rpm. It is indicated that after two days dynamic
test at 90 rpm, the reaction layer was as thick as 25 micron, which was the same for both the top
line and the bottom line. The size of the top dross is bigger than that of the “bottom” dross,
resulting in the difference of the total thickness of (dross layer + reaction layer): 290 micron for
the top line and 50 micron for the “bottom” one. The EDS line-scan (Figure 3.35 (d)) shows
three sub-layers: (1) the internal sub-layer attached to the stainless substrate; (2) the frozen-bath
on the top of the internal layer; (3) the tiny dross layer and big dross particles exposed to the GI
bath. This result also supports the assumption of the mechanism on dross formation-attaching of
the 316L, which was discussed in the previous dipping test section. As is shown in Figure 3.35,
the reaction layer after dynamic test was much thicker than that after static test. In addition, the
size of dross particles was slightly bigger at 90 rpm rotation than that at 60 rpm, which proved
that the dynamic rotation accelerates the dross particle build-up as well as the dross
agglomeration. In-depth discussion will be proposed in the following dynamic effect section.

3.3.7. Al Effect on Corrosion and Intermetallic Dross Layer Formation

During the galvanizing process, the steel tends to react with molten zinc and form a series
of Fe-Zn intermetallic compounds layers, including γ-Fe3Zn10, δ-FeZn10, ξ-FeZn13 etc [26, 18,
19, 27]. The morphology and thickness of each individual layer are different, depending upon
bath temperature and processing time. However, the bonding between Fe-Zn intermetallic layers
and steel substrate was not satisfactory. Aluminum is always added to the molten zinc bath to
form the η-Fe2Al5 inhibition layer, which can prevent diffusion and/or reaction between Fe and
Zn and improve the bonding between steel substrate and coating layer [28].
The presence of aluminum in the bath changes the chemical environment and introduces
new aluminum-content phases into the Fe-Zn alloy system. Therefore, in essence, bath chemistry
management is the control of aluminum contents. Aluminum also plays an important role on the
corrosion of pot hardware in molten hot-dipping baths. In pure Zn bath, the dominant corrosion
reaction between is Fe from the alloys reacting with Zn to form a series Fe-Zn intermetallic
compounds. Onishi et al [29] showed that the growth of the Fe-Zn phase in solid Fe-Zn diffusion
couples (annealed at 410°C for up to 100 hours) was controlled by the dominant one-sided
diffusion of Zn through the phase layers toward the substrate Fe. When a small amount of
aluminum was added into the Zn bath, the concentration and activity of Zn was reduced,

66

therefore both the reaction rates between Fe and Zn and the diffusion of Zn in the phase layers
were reduced. Yamaguchi and Hisamatsu [30, 31] studied the reaction between molten Zn and
steel substrate as a function of dipping time, bath temperature, and aluminum content in the Zn
alloy. They found that the amount of Fe dissolved from the strip substantially decreased with
increasing of aluminum content, when the Al content was no more than 0.2wt%. Tang [32]
analyzed Fe dissolution in molten Zn-Al alloys and found that the transient Fe solubility in the
vicinity of the substrate/melt interface is much higher than the equilibrium value. He also
concluded that aluminum atoms would segregate to the substrate surface and form complexes, or
so-called inhibition layer, with Fe atoms because of their high affinity for Fe. This results in a
decreasing Fe dissolution rate with increasing bath Al content. The study by Tani et al. [33],
showed that as aluminum content increased in a molten zinc bath, the diffusion depth of zinc into
the WC-Co coating layer decreased. It is certain that aluminum in a zinc bath suppresses zinc
diffusion into WC-Co coating layer [16].
Small amount of Al can reduce the activity of Zn and form inhibition layer, and therefore,
reduce the corrosion rates of the steel substrate or pot hardware materials. However, Fe-Zn
reaction is still the dominant process in the bath. After Al content reaches a critical value, the
dominant process in the molten bath is changed from Fe-Zn reaction to Fe-Al reaction.
Therefore, increasing aluminum content will increase the aluminum activity and accelerate the
corrosion reaction. This can be confirmed by comparing the corrosion data in Galvanizing (Zn0.18Al), Galfan (Zn-5Al), and Galvalume (Zn-55Al) baths in Tables V and VI. As a matter of
fact, in recent years, thermodynamics and kinetics in Fe-Zn-Al system have been extensively
studied [32, 34, 35, 4, 36, 37]. In Figure 2.3 (a), a phase diagram of Zn-Fe-Al at 460°C is
presented and the chemical ranges of molten zinc baths for GA and GI are marked [37]. Under
Galvanneal (0.12-0.14 wt% Al) conditions, if the iron content is higher than 0.03wt.%, FeZn7 (δ)
or Fe2Al5 (η) phase can be formed according to the aluminum content in a zinc bath. Under
Galvanize (0.16-0.22 wt% Al) conditions, Fe2Al5 (η) is more stable in the range of lower iron
content than in GA conditions [4].
The corrosion rates of the alloys as a function of aluminum contents was proposed as
Figure 3.36. A small amount of aluminum reduced the activity of zinc and slowed down the
corrosion rates. However, there is a “valley” in the curve where corrosion rate can reach the
lowest point. The aluminum content at this point will be in the range of GA/GI (0.12wt% to
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0.22wt % Al) and will coincide with, or close, to the “knee point” in the Zn-Fe-Al ternary phase
diagram. Above that Fe-Al reaction dominates the chemical process and the corrosion rates
increases with increasing of Al content. Similar transition effect of Al happened in other alloy
systems. Zhang’s investigations [38, 39] on the corrosive wear of Co-base superalloys in hot-dip
baths show that Co-Zn reaction is the dominant process in pure Zn bath, while small amount of
Al in molten Zn bath changes the dominant process to Co-Al reaction. It should be pointed out
that the activity coefficient of Al drops dramatically when Al content is above 0.3% [35].
Therefore, the above discussion could not be extended to the system with high Al contents
(>0.3%wt).

3.4. Dynamic Effect on Corrosion and Dross Buildup

It is well known that the flowing of the molten metal in the GI bath has a strong
acceleration effect on the corrosion of the alloys, and therefore accounts for the experiment
results above. As a matter of fact, during the past decades, the dynamic corrosion behavior of
stainless steel in molten lead-lithium alloy system in nuclear industry has been widely studied
[40, 41, 42, 43, 44, 45]. It is generally concluded that: (1) the corrosion behavior is velocity
dependent; (2) the flow pattern at various speeds, i.e. laminar or turbulent flow, has a strong
effect on the corrosion rate; and (3) the mechanisms of flow-induced corrosion maybe different
at various flow speeds. It can be mass-transport controlled, phase transport controlled, erosion
corrosion, or cavitation corrosion, according to the flow speed. These concepts can be applied to
molten metal corrosion here to explain faster corrosion rates in dynamic tests when compared to
static lab-scale baths.
The relationship between dynamic corrosion and dross buildup on 316 stainless surfaces
can be identified by comparing dynamic samples and static submerged sample (Figure 3.37). It
was found that the rotating rod suffered more dross buildup, especially at the location of drossline, compared with the static rod immersed still in the pot. The size of the dross particles on the
static sample after 4 days dipping was about 30 microns, while the size of the dynamic particles
was about 100 microns, which was more than 2 time bigger than the static one after running the
same time. Also, the reaction layer after dynamic test was thicker than that after static test. The
agglomeration of dross particles was faster than that after static test. Moreover, it was observed
that dynamic rotating changed the shape of the particles. The static particles were in the round
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shape, while the dynamic particles were columnar appearance. The dynamic rotating also
changed the way of dross particles attaching to the roll steel surface. Therefore, conclusion can
be drawn that dynamic rotating accelerates the speed of corrosion and dross buildup processes.
The similar result was found in WC-Co thermal spray coating. Figure 3.38 shows the staticdynamic comparison results on the coating samples. After the 15 days statically dipping test, the
WC-Co coating was attacked by the molten zinc and turned to be porous, but it still performed
good wetting resistance against the dross particles adherence. However, the case of rotating one
is quite different. After dynamically rotating in the GI bath at 466 ºC, WC-Co coating was
partially broken into pieces and pops off the substrate, resulting in the molten zinc permeated
beneath and reacted with the base steel.
By the contrast, there is no significant difference between static and dynamic tests on on
the MSA2020 weld overlay samples, shown in Figure 3.39. The dross allocation and distribution
looked alike, so did the thickness of the attached dross layer and the reaction layer. Additionally,
comparison is also made on the industrial static tests with lab-scaled dynamic tests, shown as
Figure3.40. It can be noted that the number of the dross particles was much more in the
industrial sample than the lab-scaled sample due to the large size of the industrial GI pot. The
thickness of the dross layer is nearly the same. No dross was found on the lab-scaled MSA2020
sample (figure 3.40 (a)) while few small dross particles intended to adhere on the industrial
sample (figure 3.40(b)). After all, the results are comparable despite of the influence from the
large scale of the industrial facilities.

3.5. Dross Formation and Distribution

In this section, it is intended to investigate the kinetics of dross formation and growth in a
static bath. The results from this type of research help to clarify the amount of dross, the nature
of dross particles, and the size distribution in a static bath. Dross formation and distribution tests
in a flowing bath with a rotating roll specimen is then performed, which is of comparison to the
static dross distribution result. Based on the two types of tests mentioned above, dross formation
thermodynamic model will then be proposed.
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3.5.1

Experimental Tools and Procedure

3.5.1.1 Testing Tools
The sampling device was designed to be able to take bath and/or dross samples at any
given depth in the bath. The amount of material removed from the bath is expected to be so
small as to not have a significant effect on bath contents and chemistry. It consists of a 17 inch
tall hollow cylindrical tube welded to a 2 inch square, 0.75 inch thick steel bottom block. The
bottom block has a 1 inch diameter hemispherical opening at the top and a 3/8 inch hole
machined at the bottom. The sktech of this device is shown in Figure 3.41. The device also
consists of a 23.75 inch long plunger, with a 1 inch diameter ball attached to it. The whole
sampling device is painted with Boron Nitride Lubricoat® inside and out. In order to take a
sample from the bath, the plunger is placed in the cylindrical tube, such that the plunger ball sits
tight against the hemispherical opening in the bottom block. The device has markings on it for
different depths of the bath. The device is dipped into the bath to the required depth. The
plunger in pulled out and pushed back in, to sit tight on the bottom block. It is then removed
quickly from the bath and the entrapped liquid is released into prepared molds by lifting the
plunger up.

3.5.1.2 Testing Procedures
Dross formation tests were conducted in a static bath with and without steel coupons
present in them. The test variables were chosen after a literature survey, to determine the various
parameters that would affect dross formation and growth in the bath. Bath Al concentration and
temperature were considered the two most important factors that would influence dross
formation and nature of dross. During the tests, it is assumed that the composition of the Zn
ingots is the same as that of Wheeling Nisshin’s galvanizing line bath chemistry. From the
composition analysis, the %Al and %Fe in the bath is noted. Since the %Al is greater than the
knee point, the dominant intermetallic in the bath is the η – Fe2Al5Znx phase. Hence the liquidus
is calculated using both Tang’s and McDermid’s equations [3, 4, 32].
Al in the form of small pieces of 5 wt% brightener bars and Fe in the form of steel bars
will be added to the bath to maintain the composition of the bath against the elemental mass loss
from the oxidation. The bath chemistry is determined by using the ICP in NRCCE. Bath
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temperature is continuously recorded using a thermocouple and LabVIEW software. The time is
recorded as well.
The two kinds of samples in the static dipping test are described below.
(i) Bath samples
Using the sampling device, bath samples for each sampling time are taken from 2
different locations, bottom dross line and top dross line, by dipping the sampler into the bath.
These samples would be used to estimate the % soluble Fe and % soluble Al in the bath at
different sampling times. The samples are sent to NRCCE for Inductively Coupled Plasma (ICP)
analysis.
(ii) Dross samples (no surface effect, no corrosion)
Using the sampling device, or by simple scooping out method, samples are taken from
the top of the bath and would constitute as dross samples without corrosion or surface effect.
These samples (1.25 inches diameter and 0.75 inches height) are poured directly into moulds that
are prepared to optical microscope or SEM observation.
The brief test procedure is shown in the flow chart of figure 3.42, the details are
described as follows.
1)

To start the test, the weight of Zn ingots that will be added to the bath is measured
(Wingot)

2)

The furnace is turned up to 538 ºC, and heated until a uniform bath temperature is
reached.

3)

When a thermocouple immerged into the bath indicates that the uniform bath temperature
is reached, bath specimens are taken from 3 different locations, namely top, middle and
bottom in depth, in the bath and analyzed chemically to find % Al, % Fe and % Zn.

4)

The bath chemistry data obtained from Wheeling-Nisshin for their galvanizing line shows
that the bath contains about 0.02 % Fe. Assuming that the bath is supersaturated with Fe
because it is a commercial galvanizing line and there is a constant source of Fe, it is
attempted to maintain the Fe contents in the bath to the same level. The ICP analysis
results are checked to see if the Fe in the bath is about 0.02 %. If less, then, additional Fe
in added to the bath.

5)

The liquidus was calculated by using Tang’s and McDermid’s equations (Equations 1.4
and 1.5 from Chapter 1).
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6)

The bath temperature is now lowered to the test temperature in the matrix. The test
temperatures are chosen such that they are below the liquidus temperature calculated in
Step 5.

7)

Dross and bath samples are taken at different times according to the test matrix.

8)

At the end of the test, all the top dross is skimmed out, and Al composition of the bath is
checked.

9)

Testing samples are cut by EDM, and then pass to mounting-grinding-polishing before
being observed by OM/SEM/EDS. The detected images are processed and then data are
collected and analyzed.

3.5.2

Metallorgraphy and Image Processing

To build a dross buildup model, it is necessary to get a quantitative model of dross
formation and growth kinetics. The first step is to count the amount and size of all the dross
particles at the specifically defined area of every sample, prepared at different testing condition.
The morphology of the dross particles varies with the heating duration, shown in Figure 3.43.
As seen in the figure, with the extension of the duration time, the size of the precipitated dross
particles increased, and their shapes changed from spherical to near polygonal, and some of them
was even irregular as the result of the agglomeration. The dross precipitate size in the dynamic
test was much bigger than that in static tests, shown in Figures 3.43 and 3.44. All the dross
particle images were extracted from the background by the Adobe Photoshop®. Based on
measuring the extracted images at each defined area for every sample, data of the amount of
dross particles (range from 20 to 100) as well as the size of every dross particle are then
gathered, shown in Table 3.7 the matrix of the dross data summary.

3.5.3

Data Analysis and Dross Size Distribution

The size of a dross precipitate was characterized by the equivalent diameter in the
statistical analysis. Image processing and analysis were carried out using Adobe Photoshop®
and UTHSCSA ImageTool and Microsoft Excel®. UTHSCSA is able to count every particle in
the view domain and calculate the area of each particle. After that, the equivalent circle diameter
for each particle was converted from the area (e.g. the diameter of a circle having the same area
as the particle), and characterized as the precipitate size. In order to assure the accuracy of
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statistical analysis, the total number of particles counted in each specimen was between 20-100.
Statistical analysis was then performed using descriptive analysis and histogram analysis in
Microsoft Excel® to obtain the mean diameter and size distribution of the dross particles.
The statistical analysis was carried out based on the measurement results of 20 ~ 100 particles
from each specimen. The statistical results were summarized in Table 3.7 and 3.8, respectively.
It was noted that both the mean diameter of particles and standard deviation increased with the
increase in heating duration.

In Table 3.8 at each specific heating duration (for example

t=10hrs), two categories of dross size and dross area were used.

The indication of the

categorizations will be explained later. By plotting the mean diameter of the dross particle
versus distribution density, the distribution principle of the dross size was obtained. Figure 3.45
shows the distribution of the dross particle size statically heating for 49 hours at 466 ºC. It was
found that the data fit the normal distribution law. The average dross particle size 33 micron as
obtained from static tests compares extremely well with results from industrial-scale baths as 35
micron.[46] Figure 3.46 is the normal distribution of the dross particle size after the dynamic
test. It also fit the normal distribution despite the molten zinc turbulence caused by the specimen
which was rotating in the center of the GI bath. 3-D distribution plots of dross size-distribution
density-testing duration are shown in Figures 3.47 (a) and (b) as the top view and the side view,
respectively. The influence of the testing time is discussed as follows.
Heating duration significantly affects the dross precipitate size and their volume fraction.
Static experimental results show that dross particle size increased with time, but the growth rate
decreased with time. Dross area also increased with time, indicated from Figure 3.48. Under the
turbulence caused by the central rod rotating, both dross size and dross area increase with the
running time, too, as shown in Figure 3.49.

3.5.4

Dross Formation Thermodynamic Model

A thermodynamic model on dross nucleation and growth in molten Zn-Al bath has been
developed to characterize the relationship between the size of the dross precipitates and heating
duration. This model assumed that (1) the initial growth of dross particles is controlled by
diffusion; (2) when dross particles rise to the top of the bath, they collide with other dross
particles, which results in aggregation of particles depending on the collision efficiency; (3) due
to capillarity effects, relatively bigger spherical shaped particles will grow faster than the smaller
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particles; and (4) larger dross particles may also grow by consuming the smaller particles around
them. Therefore, considering diffusion controlled growth for spherical particles with the effect
of capillarity
1

ρ = α ( Dt ) 2
ρ = radius of the particle
α = dimensionless growth parameter
D = diffusion coefficient
The parameter α is related to the dimensionless supersaturation Ω
Ω=

c0 − ce
cn − ce

c0 = average concentration of Al in the bath prior to precipitation
cn = concentration of Al in dross particles in equilibrium with the Zn bath
ce = concentration of Al in the bath in equilibrium with the dross particles
An complex function for α is given by:
1
⎛1 ⎞
f = α 3 exp ⎜ α 2 ⎟ φ (α )
2
⎝4 ⎠
1

⎛ 1 ⎞ π2
⎛α ⎞
φ (α ) = exp ⎜ − α 2 ⎟ −
erfc ⎜ ⎟
α
⎝ 4 ⎠ 2
⎝2⎠

1

Where f can be related to Ω by
Ω=

f
⎡⎛ ρ ⎞
⎤
1 + ⎢⎜ c ⎟ ( f − 1) ⎥
⎣⎝ ρ ⎠
⎦

Figure 3.50 shows the comparison between mean dross size calculated by thermodynamic
modeling and the data obtained by lab-scale static dross growth tests. It is indicated in the figure
that the thermodynamic model matches the experimental data in good accuracy.

3.6. Summary

This chapter covered investigation of molten zinc/aluminum corrosion and dross buildup
kinetics for both static and dynamic conditions on conventional materials (carbon steel and
stainless steel), conventional coatings (WC-Co thermal spray coating), and the newly developed
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coating (MSA2020 weld overlay coating). Dross formation and distribution were also studied
and a thermodynamic model was established to describe the relationship between precipitated
dross particle size and time. Several key conclusions can be drawn:
1.

The corrosion mechanism of molten Zn/Al varied by the test materials. Molten GI zinc
(containing 0.22 wt% Al) attacked MSA2020 overlay and 316L by forming a reactive
layer, while it attacked WC-Co by loosening its structure and penetrating beneath the
coating layer, leading to cracking and spalling of WC-Co coating from the base 316L
stainless steel.

2.

Dynamic rotation has a strong acceleration effect on corrosion of the materials. Molten
metal flow (1) accelerates the reaction between bath and test materials; (2) enhances the
diffusion of dissolved Fe from test materials; and (3) increases the amount and size of
dross particles.

3.

Comparing the three materials tested, MSA2020 weld overlay had the best
corrosion/dross buildup resistance, while the bare 316L was the weakest one against GI
zinc attack. WC-Co thermal spray coating had good non-wetting performance with the
zinc and dross at the beginning of the test. However, once the coating was cracked or
spalled away from the substrate, the exposed Fe reacted with GI bath at a high reaction
rate.

3.

The average dross particle size of 33 microns as obtained from laboratory tests (see
Figure 3.45) compares well with results from industrial baths (35 micron).
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Table 3.1 Chemical Composition of the Sample Materials (wt%)
Materials

C

Si

Mn

S

P

Cr

Ni

Mo

Co

W

B

Ta

Cu

316L ss

0.012 0.40

1.39 0.029 0.024 17.55 10.74 2.05

\

\

\

\

410 ss

0.141 0.19

0.46 0.005 0.009 11.96 0.380

\

\

\

\

\

1015 cs

0.157 0.17

0.50 0.029 0.009

\

\

\

\

\

WC-Co

A proprietary composite with cobalt matrix and tungsten carbide strengthening phase.

\

\

N

0.257 0.051 67.5
\

0.066 86.8

0.343 0.015 98.6

MSA 2020 A proprietary iron-based superalloy containing primary alloying additives of C, W, Co and Cr
Table 3.2 Bath Chemistry of Wheeling Nisshin’s Galvanizing Line
No.

Al %

Cu %

Fe %

Pb %

Cd %

Si %

Zn %

1

0.1701

0.0012

0.0238

0.0012

0.0006

0.0003

99.80

2

0.1707

0.0011

0.0241

0.0013

0.0004 < 0.0003

99.80

3

0.1753

0.0012

0.0259

0.0013

0.0006 < 0.0003

99.80

Average 0.1720

0.0012

0.0246

0.0013

0.0005 <0.0003

99.80

Table 3.3 Matrix of Static Hot Immersion Corrosion Testing Parameters
Immersion materials

Testing condition: temperature (° C) – time (days)

1015 Low Carbon Steel in Zn Bath

465°C – 14 days; 500°C – 8 days; 520°C – 4 days

410 Stainless Steel in Zn Bath

465°C – 17 days; 500°C – 7 days; 520°C – 4.5 days

316L
Stainless

In Zn Bath

500°C – 6 days; 520°C – 12 days

In GI Bath

465°C – 1, 2, 4, 5, 6, 7, 15, 30, 33, 81 days

WC Co-Based Coating in GI Bath

465°C –3, 15, 30days

MSA2020 Weld Overlay in GI Bath 465°C – 15, 30, 33, 81 days
Table 3.4 Kinetic Constant (K) of the Weight Loss for 410 Stainless
Temperature (ºC )

Kinetic Constant ( K ) g/hr
Region I ( KI )

Region II ( KII )

465

0.3187 (0-72 hrs)

0.0118 (72-408 hrs)

500

0.88 (0-96 hrs)

0.0904 (96-168 hrs)

520

1.339 (0-48 hrs)

0.3727 (48-108 hrs)
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Fe

Table 3.5 List of Corrosion Decaying Speed for Three Metals Exposed to Pure Zinc Bath
Corrosion Decay K
(mm/yr)2/hrs

Bath Temperature ( ºC )

Steels
1015 carbon steel

465 ºC

500 ºC

520 ºC

0.9043

0.3924

1.2719

410 stainless steel

1.5827

0.8456

0.6886

316L stainless steel

\

0.1481

0.3573

Table 3.6 Matrix of Dynamic Rotation Testing Parameters
Immersion Materials in GI Bath

Testing Duration (days) at temperature 465° C

316L Stainless Steel

1, 2, 4, 5, 6

WC Co-Based Coating

15, 30

MSA 2020 Weld Overlay

15, 30
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Table 3.7 Matrix of Dross Formation Testing Data Summary
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Table 3.8 Matrix of Dross Formation Parameters and Data Analysis
Dross
No.
Object Area
1
2
3
4
5
6
11
12
15
21
24
25
26
27
28
29
39
40
46
48
49
50
51
52
53
55
57
64
65
66
67
68

#1
#1
#1
#1
#1
#1
#5
#6
#9
#15
#18
#19
#1
#2
#3
#4
#1
#1
#7
#1
#1
#1
#1
#1
#1
#1
#3
#1
#1
#1
#1
#1
Total
Area

Major
Axis
Perimeter Length

3056
261.21
31807
839.26
2190
195.51
2152
201.58
2781
251.69
2337
217.1
156
57.28
4700
297.01
316
74.94
1258
328.78
648
147.4
437
159.99
6072
396.71
318
75.94
275
101.77
3496
365.04
1835
166.72
2389
296.52
3058
250.07
5773
377.46
6853
363.55
15481
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Figure 3.1 Sketch of the coated samples for lab scale molten metal corrosion and dross buildup
tests (a) 316l by WC-Co coating (b) 316l by MSA2020 coating
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Figure 3.2 Lab scale molten metal corrosion and dross buildup testing facility
(a) testing system (b) sample after experiment
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Figure 3.3 Static molten metal corrosion and dross buildup tests in GI bath at 870ºF for 15 days
on materials (a) WC-Co coating (b) 316L stainless
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Figure 3.4 Static molten metal corrosion and dross buildup test in GI bath at 870ºF for 30 days
on materials (a) MSA2020 weld overlay (b) 316L stainless
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Figure 3.5 Static Molten Metal Corrosion and Dross Buildup Test at 870ºF for 81 days in GI bath
at Nucor Steel’s Crawfordsville, Indiana plant (a) MSA2020 Weld Overlay (b) 316L stainless
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Figure 3.6 Cross section EDX profile of 1015 carbon steel dipping 24 hours at 520ºC in Zn
(a)Elemental distribution (Fe, Zn) (b) Chemical composition of spot 1
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Figure 3.7 Cross section microstructure of 316 stainless steel dipping 96 hours at 520ºC in Zn
(a) SEM (b) EDX chemical composition of spot 1.
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Figure 3.8 Cross section EDX profile of 410 stainless steel dipping 11 hours at 520ºC in Zn
(a)Elemental distribution (Fe, Zn, Cr) (b) Chemical composition of spot 1
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Figures 3.9 Relationship between weight loss and time on steels exposed to pure zinc: (a) 1015
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Figures 3.10 Weight loss and semi-instant corrosion speed of 1015, 410, and 316L steels
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Linear

10000

1000

100

1

10

100

100000

1015 at 500 C: K=-0.39238
410 at 500 C: K=-0.8456
316 at 500 C: K=-0.14809

10000

1000
1

Time (hrs) - Log(t)

10

100

(C)

2

Average Corrosion Rate Square (mm/a) -log(B)

2

Time (hrs) - Log(t)

Linear

100000

1015 520 C:K=-1.27191
410 520 C:K=-0.6886
316 520 C:K=-0.35732
10000

1000
1

10

100

Time (hrs) - Log(t)
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Figure 3.13 Cross sectional elemental distribution line scan and mapping of static molten metal
corrosion & dross buildup test on 316L in GI bath at 870ºF for various duration
(a) 1 day cross sectional microstructure;
(b) 1 daychemical distribution mapping of (a);
(c) 1 day close-up image of (a);
(d) 1 day chemical distribution mapping of (c);
(e) 30 day cross sectional microstructure; (f) 81 day cross sectional microstructure;
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Note: 81 days exposure tests were performed in GI bath at Nucor Steel’s Crawfordsville,
Indiana plant; the other results were from WVU.
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Figure 3.14 Cross sectional elemental distribution mapping of static molten metal corrosion and
dross buildup test in GI bath at 870ºF for 3 days on WC-Co Coating
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Figure 3.15 WC-Co coating before and after Static Molten Metal Corrosion and Dross Buildup
Tests in GI bath at 870ºF for 15 days (a) before (b)&(c) after
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Figure 3.16 Cross sectional elemental distribution line scan of static molten metal corrosion and
dross buildup test in GI bath at 870ºF for 15 days on MSA2020 Weld Overlay
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Figure 3.17 Cross sectional elemental distribution mapping of static molten metal corrosion and
dross buildup test in GI bath at 870ºF for 30 days on MSA2020 Weld Overlay
(a)

(b)

91

(d)

(c)

(f)

(e)

Figure 3.18 Static molten metal corrosion and dross buildup tests on 316L stainless in GI bath at
870ºF for various immersion time
(a)1 day (b) 2 days (c) 4 days (d) 15 days (e) 30 days (f) 81 days
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Figure 3.19 Time effect on the thickness of the reactive layer of 316L stainless after static molten
metal corrosion and dross buildup tests in GI bath at 870ºF
Note: 81 days exposure tests were performed in GI bath at Nucor Steel’s Crawfordsville,
Indiana plant; the other results were from WVU.
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Figure 3.20 Static molten metal corrosion and dross buildup tests on MSA2020 in GI bath at
870ºF for various immersion time (a) 30 day at WVU (b) 81 days at Nucor Steel’s
Crawfordsville, Indiana plant.
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Figure 3.21 Time effect on the thickness of the reactive layer of MSA2020 overlay after static
molten metal corrosion and dross buildup tests in GI bath at 870ºF

Average Corrosion Rate

300

240

1015 carbon steel
316L stainless steel
410 stainless steel

180

120

60

0
460

470

480

490

500

510

520

0

Temperature ( C)
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Figure 3.23 Micrographs comparing the reaction layer that forms in 316L and 2020 overlay on
316L after (a)33- and (b) 81-day exposures at Nucor Steel’s Crawfordsville, Indiana plant.
MSA2020 weld overlay shows a reaction layer that is between 1.4 and 2X as compared to 316L.
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V. Sikka, IMF Quarterly Report, Arp – Jun, 2006.
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Figure 3.24 Static molten metal corrosion and dross buildup test in GI bath at 870ºF for 1 day on
316L (a) lab scale from WVU (b) industrial scale from California Steel Co.
(a)
(b)

Figure 3.25 Static molten metal corrosion and dross buildup test in GI bath at 870ºF for 30 day
on MSA2020 overlay (a) lab scale from WVU (b) industrial scale from Nucor Steel Co.
(a)
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(b)

Figure 3.26 Schematic of lab-scale dross simulator and apparatus (a) front view (b) top view
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(c)

(d)

Figure 3.27 Dynamic molten metal corrosion and cross buildup tests on 316L stainless in GI bath
at 870ºF (rotating rate 60 rpm) for: (a) 1 day (b) 2 days (c) 4 days (d) 6days
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Figure 3.28 Dynamic molten metal corrosion and dross buildup test on WC-Co coating in GI
bath at 870ºF (a) 15 days (b)&(c) 30 days
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Figure 3.29 Dynamic dross buildup tests on WC-Co coating in GI bath at 870ºF after 15 days
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Figure 3.30 MSA 2020 weld overlay attacked by GI bath after 30 days at 870ºF
(b)

(a)

Figure 3.31 Dynamic molten metal corrosion and dross buildup test on MSA2020 weld overlay
in GI bath at 870ºF (a) 15 days (b) 30 days
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Figure 3.32 Cross section line scan of dynamic molten metal corrosion and dross buildup tests
MSA2020 overlay in GI bath at 870ºF after 15 days rotation ( rotating rate 60 rpm)
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Figure 3.33 Dynamic molten metal corrosion and dross buildup tests MSA2020 overlay in GI
bath at 870ºF after 15 days rotation ( rotating rate 60 rpm)
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Figure 3.34 Dynamic molten metal corrosion and dross buildup tests MSA2020 overlay in GI
bath at 870ºF after 30 days rotation ( rotating rate 60 rpm)
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Figure 3.35 SEM/EDX of 316L after lab-scale static/ dynamic test in GI bath for 2 days.
(a) static test (b) dynamic at 60 rpm (c) dynamic at 90 rpm (d) cross sectional line scan of (c)
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Figure 3.36 Sketch of corrosion rate as a function of effective Al contents at Zn-rich corner
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Figure 3. 37 Comparison of static-dynamic corrosion&dross buildup on 316L in GI bath at 870ºF
a)static 1day;b)dynamic 1day;c)static 2days;d)dynamic 2days;e)static 4days;f)dynamic 4days
(b)
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Figure 3.38 WC-Co coating attacked by molten metal corrosion and dross buildup tests in GI
bath at 870ºF for 15 days (a) static dipping (b) dynamic rotating
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Figure 3.39 Lab scaled MSA2020 weld overlay attacked by molten metal corrosion and dross
buildup tests in GI bath at 870ºF for 30 days (a) static dipping (b) dynamic rotating
MSA2020
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316L
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Figure 3.40 MSA2020 weld overlay attacked by molten metal corrosion and dross buildup tests
in GI bath at 870ºF for 30 days (a) lab scaled dynamic rotating (b) industrial static dipping

Figure 3.41 Design details of sampling device
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Figure 3.42 Schematic of static dross testing procedure flow chart
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Figure 3.43 Static dross size formation at various testing duration before/after extracting the
background from OM images (a) 8hours (b) 12 hours (c) 24 hours
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Figure 3.44 Dynamic dross size formation at various testing duration before/after extracting the
background from OM images (a) 2 hours (b) 6 hours (c) 25 hours
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Figure 3.47 3-D static dross size distribution at various testing duration fits normal distribution

108

(a)

4

(b)

2

8.0x10

Dross Area /microns

Dross Diameter / microns

40

30

20

10

4

6.0x10

4

4.0x10

4

2.0x10

0
0

20

40

60

80

100

120

0.0

140

0

20

40

60

80

Time / hrs

100

120

140

Time / hrs

Figure 3.48 Lab scale static testing dross size and dross area curves
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Figure 3.49 Lab scale dynamic testing dross size and dross area curves
(a) dross size – time relation (b) dross area – time relation
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Figure 3.50 Comparison between dross size calculated by thermodynamic modeling and labscale experimental data.
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4.1. Introduction
The wettability of solids by liquid metal at high temperature carries important implication
of interfacial reaction mechanisms for liquid/solid contact [1]. In this chapter, the wettability and
the reactive wetting behaviors of different compositions of solid substrate materials by liquid
Zn/Al are investigated. Wetting and initiation of reaction processes were studied with the sessile
drop method by measuring contact angles and droplet geometry. Evolution of liquid/solid
reactions, by which the corrosion and reactivity of materials are examined, were further explored
by conducting compositional and structural characterization on interfacial reaction layers through
spectroscopic methods, i.e. SEM, EDS, and EPMA analysis. Reactive wetting theories and
results of the sessile drop tests are used herein to discuss wetting phenomena. These results can
provide fundamental insight for understanding reaction mechanisms of substrate materials
wetting and reacting with molten Zn-Al. The research achievements facilitate the selection of
base materials, superalloys and composite materials for potential use in molten metal processing
industries.
There is an increased interest in reducing corrosion of refractory materials in
metallurgical processing industries. Refractory erosion and corrosion products can be sources of
non-metallic inclusions and contamination of the aluminum, which leads to energy and
production losses. One of the approaches taken to minimize corrosion is to reduce the metalceramic contact surface by reducing the wettability between the ceramic and liquid metal. Many
studies were performed to investigate molten aluminum (Al) penetration in various ceramic
materials, such as silica, nitrides and carbides [2]. The majority of these studies addressed the
penetration of SiO2

substrates (silica glass or alumino-silicate ceramics) by molten Al

[3,4,5,6,7,8]. Specific reports of exposure of SiC base plates to molten aluminum and others
including Au, Sn, Ag and Cu were found [9]. Various crystal configurations of SiC were tested
on wetting with molten Al in order to study crystal plane directional effects on the contact angle
[10]. Additionally, research regarding wetting properties of molten Al on polycrystalline TiO2
substrates [11] and wettability of TiC by molten aluminum have been performed and reported
[12].
For the interaction of SiO2 substrates with molten Al, a linear dependence of reaction
layer thickness and composition with time was found. [1,5] Also, the wetting behavior was found
to be dependent on formation of a reaction zone by redox reactions and consisted of three
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different regions with varying chemistries, dependent on interdiffusion of Si2+, Al+, Al2+, and
Al3+. [2] During the reaction, it was found that Si is released into the liquid metal and diffuses
toward the Al source. [4] This reaction was found to occur in up to five separate steps. [6]
On the other hand, penetration of silica refractories by molten Al at 700-1000ºC was
studied by Brondyke using both traditional cup testing and immersion testing. [3] All tested
commercial alumina-silica refractories, used for aluminum melting applications, were found to
be wetted and subsequently penetrated on exposure to molten Al. Results indicated that problems
associated with alumina-silica refractories resulted from penetration of molten Al, side-wall
build-up, and formation of corundum and metallic silicon due to metal reaction of Al with the Si
and Si-bearing constituents.

Subsequently there was an increase in volume of penetrated

product, which led to generation of tensile stress due to aluminum oxide build-up caused by
oxidized aluminum and its alloy components around the metal line. The presence of tensile
stress would ultimately cause cracking in the refractories. Additionally, dissolution of Si
occurred in the molten Al with the penetration rate controlled by diffusion of Al and Si through
the aluminum oxide.
Corrosion and erosion of pot hardware by molten zinc-aluminum have long been an issue
of concern in the galvanizing processing industry [13, 14, 15, 16, 17, 18]. Formation of
intermetallic phases by reaction between the metallic hardware and galvanizing media promotes
dross build-up on the pot rolls and bearings, and thus, reduces the service life of the pot
hardware. Frequent line stoppages for maintenance are required to avoid impairment to the
coating quality as a result of excessive dross formation. Therefore, extensive research efforts
have been conducted to examine the reaction of molten zinc and zinc alloy baths with various
materials, including ceramics, cermet, steel and superalloys [19].
The reactive wetting behavior of steels in molten zinc and aluminum baths have been
examined in studies to evaluate the effectiveness of galvanizing processes. In particular, it was
found by Brondyke that progressive wetting and subsequent penetration of Al-Si carbide
materials by molten Al at 700-1000ºC gave rise to reactive product build-up and tensile stress
formation [5]. As for galvanizing of high strength steel in molten zinc, a study by Bordignon
indicated selective oxidation of segregated Mn and Si at 800ºC during annealing before hot
dipping reduced wettability and reactivity of molten zinc and aluminum on free iron at 460ºC.
Additionally, the presence of non-oxidizable constituents like Sn and P improved wettability by
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reducing preferential oxidation [20]. Through a similar research project, Giorgi, et al. further
pointed out the variance of selective oxidation from segregated constituents as a result of
inconsistencies in annealing time and temperature and the consequential impact on reactive
wetting, as determined by sessile drop measurements [21]. Gradual improvement of the contact
angle with time between a silicon-bearing steel and zinc at 470ºC has been observed by Chung,
et. al [22]. The complete coverage of the steel surface by a zinc droplet 20 minutes after dipping
indicates the rate-limiting reaction kinetics. In distinct contrast, a dynamic-dominant wetting
behavior has been found for dip-coating of low carbon steel with Al-Zn-Si alloy melts by Ebrill,
et al. [23]. The contact angle displays an abrupt transition from non-wetting to wetting within 2
milliseconds of the dipping process, a reduction of wetting angle from 125º to 25º as a result of
preheating of the steel substrate to the droplet melt temperature. Such an improvement of the
wetting condition was also found to greatly facilitate the mass transfer of iron atoms from the
substrate towards the melt, resulting in formation of alloy layer phases with high Fe content.
Through the literature review, it is known that studies of the reaction of alloy materials
with molten zinc-aluminum alloy have been carried out by analysis of weight loss and
dimensional change [24]. In more recent work completed on Co and Fe based superalloy, Zhang,
et al. investigated the corrosion process by examining reaction kinetics and products evolution
[13]. It was found in their work that the attack of Zn-Al bath on superalloys initiated with the
formation of Fe-aluminide or Co-aluminide on the surface followed by inward propagation of a
reaction front and the subsequent build-up of dross particles on the top of the residual zinc-rich
reaction zone formed on the aluminide layer. However, few reports have previously identified
initial development of the reaction characteristics of superalloys in terms of reactive wetting,
which is important in understanding the reactivity of superalloys during actual service
conditions. Hence, a need exists for an in-depth investigation on the incipient liquid/solid contact
stage by molten zinc through a detailed wetting study.

4.2. Testing System Selection and Experimental Procedure
The reactive wetting behavior was studied in two testing systems: (1) solid refractory
composite base materials wet by molten Al alloy; (2) solid steel and superalloy base materials
wet by molten Zn alloy. The former one contained three refractory substrates named TCON
composites, labeled as TC TQ and MC. The latter one used 316L stainless steel and a new
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developed Fe-based superalloy, MSA2020, as the base materials. Static and dynamic sessile drop
methods were employed for studying the wettability.

4.2.1. Static Sessile Drop Experimental
According to the static method, which is the most conventional method, a solid cube of
Zn or Al alloy is placed on the solid substrate prior to heating. The apparatus used for the static
sessile drop experiments is illustrated in Figure 4.1, and its corresponding schematic drawing is
shown in Figure 4.2. It consisted of an induction furnace (Figure 4.1b), using an evacuating
system with a rotary pump. In the inductive furnace chamber, the sample substrate was place on
a ceramic support rod, which sat in a ceramic catch pan for the protection, in case the molten
metal dropped off the base and contaminated the furnace. The metal cube was located in the
center of the induction heating coil for the evenly distributed heating (Figure 4.2). The front
window made of quartz was installed in the inductive furnace, allowing a color CCD camera to
continuously monitor the experiments. The resolution of the camera is 640 × 480. Three Type-S
thermocouples (with ceramic sheath) were inserted into the furnace chamber (Figure 4.1b) by the
feed-through for monitoring the refractory substrate temperature, molten metal drop temperature,
and the reaction temperatures, respectively.
Before the experiment, the solid substrate and the Zn or Al alloy cube were ultrasonically
cleaned in acetone. The substrate was then carefully placed into the center of inductive heating
coil in the vertical furnace chamber. A cube of Zn or Al alloy was placed on top of the tested
substrate. The sealed chamber was evacuated to a vacuum of 1 × 10-6 Pa. Following evacuation,
the inductive furnace chamber was heated to the required testing temperature. The cube of metal
was allowed to melt and the wetting behavior between the molten metal and solid substrate was
observed.

4.2.2. Dynamic Sessile Drop Experimental
A modified dynamic method was also employed in which molten Zn or Al alloy was
dropped on the solid substrate by a heated delivery device. This modified method was developed
to study the dynamic wetting behavior as this approach has been suggested to be closer to the
application conditions [7].
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The apparatus used for the dynamic sessile drop experiments is schematically illustrated
in Figures 4.3 and 4.4. It consisted of a 33 kW horizontal circular infrared furnace, using an
evacuating system with a rotary pump and refilling gas system supplying purified Ar-4%H2. The
quartz furnace chamber was enclosed on one end by a copper lid and slide device, which was
used to move the experimental assembly inside the chamber. A small diameter quartz tube was
also passed through the copper lid and extended to a location directly above the sample substrate
where the tube was bent 90º and its diameter was reduced. This tube was used to contain the zinc
or aluminum alloy wire segment during heating and melting, which produced the molten metal
drop for the dynamic test. Both sealed end caps of the furnace assembly contained quartz
windows allowing a color CCD camera to continuously monitor the experiments. The resolution
of the camera is 640 × 480. Three Type-S thermocouples (with ceramic sheath) were inserted into
the horizontal quartz test chamber through the copper end plate for monitoring the substrate
temperature, molten metal drop temperature, and the reaction temperatures, respectively.
Before the experiment, the substrate and the zinc or aluminum wire segment were
ultrasonically cleaned in acetone. The substrate was then carefully slid into the center of the
horizontal chamber. A wire segment of Zn/Al alloy was placed into the quartz tube used for
delivering molten zinc to the substrate. This tube was inserted through the copper end plate into
the IR chamber. The chamber was evacuated and refilled. While the metal segment in the quartz
tube was kept at the cold zone, the IR quartz chamber was heated up to the required temeprature
at a rate of 30ºC per minute. The furnace was allowed to stabilize for 20 minutes before the zinc
segment was slowly moved from the cold zone to the hot zone of the furnace where it was
allowed to melt and pass through the vertical portion of the delivery tube as a molten drop onto
the test substrate. Similar to the static test method, the entire duration of the experiment was
captured and recorded by the camera and VCR, from which the video still frames were extracted
and analyzed.

4.2.3. Results Processing and Data-Image Analysis
At the end of each experiment, the substrate was removed from the furnace and prepared
for examination. Metallographic specimens of the as-received materials and cross-sections of
the tested samples were prepared following a standard procedure. The identification of some
reaction products was conducted using a JOEL 8200 Electron Probe Micro Analyzer (EPMA).
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Details of the reaction products in the samples were examined using a HITACHI 4700 Scanning
Electron Microscope (SEM) equipped with an EDS unit. The depths of reaction layers were then
measured using image analysis software (Image-Pro Plus 4.0). Further data analysis was carried
out using axisymmetric-drop-shape-analysis (ADSA) software, by which the contact angle (CA),
the drop base diameter (D), and drop height (H) were directly measured from the drop profiles.

4.3. Reactive Wetting of Al2O3/SiC Composite by Molten Aluminum and Aluminum Alloy
The reactive wetting behavior in molten aluminum (Al) and Al alloy was investigated for
three types of alumina-silicon carbide composite refractory materials, namely TC TQ and MC,
using an optimized sessile drop method at 900ºC in a purified Ar-4% H2 atmosphere. The time
dependent behavior of the contact angle and drop geometry was monitored and the wetting
kinetics was determined. The difference in wetting properties among three types of refractories
was discussed based on the microstructural and compositional variations.

The effect of

magnesium in the molten Al alloy drops on the wetting kinetics and the reaction with the
refractory substrates are also investigated. The results obtained provide important understanding
on the wetting and corrosion mechanisms of alumina and silicon carbide materials in contact
with molten aluminum.

4.3.1. Testing Materials
Three composite refractory materials studied, which were supplied by Fireline TCON
Inc., contained a continuous microscopic network of interpenetrating microscopic scale ceramic
and metallic phases. The presence of metallic phases provides significant improvement in
toughness and damage tolerance, while the ceramic phases would lead to high hardness and
improved performance at elevated temperatures. The compositions of these materials are listed in
Table 4.1. Microstructures of these three composite refractories are shown in Figure 4.5.
The TCON materials evaluated in the present study are produced utilizing the
displacement reactions in Equation 1.
3SiO2 + 4 Al → 2 Al 2 O3 + 3Si

(base reaction)

3SiO2 + ( phases ) + 4 Al → 2 Al 2 O3 + ( phases ) + 3Si *

(*Si retained in final product is < 5%)
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(Equ. 4.1)

Due to volumetric contractions caused by loss of silica and formation of alumina, void
spaces created as the reactions proceed (starting from the outside surfaces) would be completely
filled with Al metal. The silicon by-product subsequently dissolves into molten Al with the
resulting composite containing 70 wt. % (63 vol. %) Al2O3 and 30 wt. % (37 vol. %) aluminumsilicon alloy. Silicon carbide particulates sometime were added to the composites to increase
toughness, strength, wear resistance, and thermal shock resistance.
Refractory plates (12mm × 12mm × 3mm), which were cut from 25mm × 25mm × 175mm
bars of originally supplied materials, were used as substrates in subsequent wetting studied.
Aluminum pigs (99.99% pure) and aluminum alloy 5083, with composition given in Table 4.2,
were machined down to cubes (5 mm × 5 mm × 3 mm) for melting during static testing or wire
segments of 3 mm diameter which were melted to produce sessile drops during dynamic testing.
Experiments were carried out in purified Ar - 4% H2 at 900°C and changes in contact angle
between molten Al and refractory substrates were monitored with time using high speed CCD
camera. The test matrix of TCON base materials wet by Al/Al alloy was listed in the Table 4.3.

4.3.2. Wetting Characteristics
Sessile drop testing was carried out on three different composite refractory materials
using two different molten metal drop materials. Contact angle and drop dimensional analysis for
a composite refractory (designated as TC) and molten Al system is discussed here as an example
of the behavior exhibited by these materials. Figure 4.6 shows optical micrographs of a molten
aluminum drop on the TC substrate during isothermal dwelling at 900°C, illustrating the changes
in contact angle and drop geometry with time. The initial contact angle between the TC substrate
and liquid Al was an obtuse angle of ≈125°. This value is similar to the value (120°C) reported
by Z. Yu for the Al2O3 - Al system at 900° C [25]. The contact angle was found to gradually
decrease to a value of 82° during a hold time of 65 minutes, indicative of the transition from nonwetting to wetting. The present experimental results are similar to the Al2O3 - Al system data
reported previously [11,26], in which a steady value of 82° was observed after 40 minutes at
1000°C. Yet, for the literature, the drop height continued to change with the dwell time until the
end of the 120 minutes experiment, when it reached an angle of 78°. This final state was
considered to represent the onset of wetting and the build up of reaction equilibrium. Differences
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between the current experimental case and the literature cases are expected to be due to the
differences in experimental temperature and substrate chemistries.
Four parameters, namely contact angle (CA), drop volume (V), drop base diameter (D),
and drop height (H), were plotted on a linear time scale revealing the wetting kinetics as shown
in Figure 4.7. The change in contact angle characterized by the advance of the triple phase
reaction (that where the solid substrate, liquid metal, and gaseous experimental environment are
in contact) was due to the decrease in the drop height and/or the increase in the drop base
diameter. The determinant factor was found to switch during the different sub-stages of the
wetting process, leading to the maximum of the drop volume achieved after 10 minutes of
contact. The wetting kinetics could be inferred by combination of the changes in contact angle
with those in drop size [8,27]. After the initial rapid spreading stage (around 10 seconds) the
interfacial front advanced quickly resulting in the steep slope found in the initial portion of the
contact angle plot and until the drop volume reached a maximum. After the initial stage, the
decrease in drop height was dominant over the increase in drop base diameter, resulting in a
decrease in overall drop volume. Finally, a steady state was attained at around 65 minutes, during
which CA, V, D, and H remained unchanged.
Figure 4.8 shows the contact angle plots for the six tested system, namely three types of
composite refractory substrates wet by two types of molten metal drops. During the 5000
seconds dwell time, all the values of contact angle obtained after the ADSA measurements are
found to be larger than 90 degree. Overall results indicated that TC base material displayed the
best non-wetting performance among three TCON substrates, regardless of wetting with either
pure Al or 5083AlMg alloy. Additionally, the fixed solid base material behaved greater value of
the contact angle in molten pure aluminum wetting tests than that in molten 5083AlMg alloy
wetting tests. In Figure 4.8(c), it is found that all three CA curves gained in the molten Al system
are above the other three CA curves obtained in the molten 5083AlMg system. This meant that
Mg addition in the molten drop assists the wetting process and interaction with the base
materials. The wetting acceleration is assumed to take effect by forming the Mg silicides and/or
carbides in the interface. These interfacial chemical reactions play an important role during the
course of wetting and thus, are important from the point of view of wettability. More reaction
details are discussed in the following sessions. Comparing the wetting behaviors among three
TCON substrate materials, TC surpasses the other two in the property of wetting resistance
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against molten Al/AlMg alloy, as shown in Figures 4.8(a) and 4.8(b). TQ and MC are
competitive with each other during the dwelling. To determine which one of TQ and MC is
superior in non-wetting performance depends on the different wetting sub-stages.
The wetting mechanism of the systems studied could be described as follows. In general,
the wettability of a solid by a liquid is indicated by the contact angle. The contact angle, θ,
between solid, liquid and gas/vapor is related by the Young–Dupre’s equation [28] shown in
Equation 4.2,

cos θ =

γ sv − γ sl
γ lv

(Equ. 4.2)

where γlv is the surface tension of the liquid metal, γsv is the surface energy of the solid,
and γsl is the solid/ liquid interfacial energy. Based on the above equation, the contact angle, θ,
can be decreased by increasing the surface energy of the solid, γsl, decreasing the solid/liquid
interfacial energy, γsl, or by decreasing the surface tension of the liquid, γlv. During heating, the
silicon is believed to diffuse from the refractory substrate into the molten Al drop. The drop
volume will therefore increase because of the silicon diffusion. Owing to the reactivity of the
introduced silicon, the surface tension of the liquid aluminum, γlv, can be decreased by the
adsorption of silicon on the interface and surface (see Figure 4.9) of the liquid. In the meantime,
the solid/liquid interfacial energy, γsl, can also be decreased due to the enrichment of silicon on
the interface. As a result, the contact angle, θ, will be decreased.

4.3.3. Interfacial Morphology and Mechanism of Corrosion

Following completion of the experiments, polished cross section of samples were
prepared using the standard metallographic procedures. The metal/refractory interface was
examined by SEM/EDS and electron microprobe to determine the chemical elements present and
distribution, as shown in Figure 4.9.
Interfacial regions for all three types of refractory showed a high concentration of silicon
in the Al drop, indicating that the silicon diffused from the refractory substrate into the liquid Al
drop during the experiment. This finding agrees with the observations that interfacial regions are
the preferred position for the element transferring across the interface and into the other phase
[29, 11]. Low levels of Mn, Cr, and Fe were also detected in the microprobe mapping at both
sides of the interface, which was assumed to come from the alloy.
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During the wetting process, Al was found to diffuse into the porosity of the refractory
substrate. The diffused liquid Al joined with the existing residual Al metal present in the
composite refractories, inhabiting both the porosity as well as positions vacated by the diffusing
silicon. As seen in the Al-Si-C phase diagram (shown in Figure 4.10), thermodynamically threephased monovariant equilibrium can be reached by reacting aluminum and SiC at temperatures
above 612°C [30]. The equation for such a reaction is shown in Equation 4.3.

4 Al ( l ) + 4 SiC ( s ) → Al 4 SiC 4 ( s ) + 3Si( s )

(Equ. 4.3)

This equilibrium involves SiC, Al4SiC4, and a liquid phase. In addition, it was proved that
at the temperatures above the melting point of Al and under unstable atmospheric pressure, SiC
becomes thermodynamically unstable and an invariant reaction occurs at 650ºC and leads to the
formation of aluminum carbide Al4C3 [31]: 4 Al(l ) + 3SiC( s ) → Al4C3( s ) + 3Si( s ) . However, from
the microprobe results shown in Figure 4.9, neither Al4SiC4 nor Al4C3 stable phases were found
in the refractory substrate specimens. This could be attributed to the kinetic threshold of the
reaction, which was not only temperature dependent but also time dependent.
Another possible chemical reaction is the dissolution of SiC in the liquid metal as shown
in Equation 4.4 [32]:

SiC( s ) → Si( M ) + C( s )

(Equ. 4.4)

It was not possible to determine whether or not this reaction took place in our samples
since the both Si and C were introduced to the refractory surface during the specimen preparation
process.

4.3.4. Molten Drop Materials and Substrate Materials and Morphology

Figure 4.11 shows back scattered micrographs of the TC substrate following wetting by
pure molten aluminum and 5083 aluminum-magnesium alloy drops after 2 hours at 900oC.
Figure 4.12 shows back scattered micrographs of molten aluminum-magnesium alloy drops on
TQ, TC, and MC substrates after the sessile drop experiments at 900°C for 1 hour.
By comparing the wetting behavior of pure aluminum to that of the aluminum alloy,
results showed that the Al alloy exhibited a larger drop base area and lower drop height, thus
leading to a smaller contact angle than that obtained for pure Al. This contact angle difference,
based on the drop dimension after the wetting tests, suggests that the alloying magnesium

120

increased the wetting rate of the refractory with the molten metal drop. When heated up to the
testing temperature, reactive magnesium in the 5083 liquid alloy readily diffused into the
substrate across the interface leaving the metallic drop without magnesium.
The effect of the two main parameters on contact angle for wetting was investigated:
magnesium additions to aluminum alloy, free silicon in TCON substrate. It is well known that
both of those two factors [33] enhance the wetting of SiC by molten aluminum.
Previous study has shown that the addition of a reactive metal, i.e., Mg, to the liquid drop
accelerates the interaction with the substrate [34, 35]. It has been shown that magnesium
additions to aluminum lower molten drop surface tension [36] and its work of immersion in SiC.
[37] Consequently, aluminum alloys that are specifically designed for infiltration of SiC beds
have invariably contained varying amounts of Mg. One of the main functions of Mg as a
surfactant element is to reduce any aluminum oxide that may be present in the interface. [38] The
Al2O3 is thermodynamically stable in contact with molten Al. However, when the alloy contains
Mg, several reactions that may cause the reduction of Al2O3 are possible [39]; these include:
3Mg (l ) + Al2O3 ( s) → 3MgO( s ) + 2 Al (l )
4
2
Al2O3 ( s ) → MgAl2O4 ( s ) + Al (l )
3
3
Mg (l ) + 2 Al (l ) + 2O2 → MgAl2O4 ( s )
Mg (l ) +

(Equ. 4.5)

In the case of TCON refractory materials, which contain SiC, Al2O3, Al and Si, the
magnesium, coming from the molten drop, can diffuse and react with the TCON base according
to the equations 4.5. Mg is also capable of forming silicides in the interface [40] or carbides with
different stoichiometries. The microchemistry of these reaction products in the interface is
important from the point of view of wettability. [41] As shown in Table 4.1 the chemical
composition of three TCON substrates, Al2O3 content of TQ, TC, and MC is 38%, 35%, and
70%, respectively. With the lowest Al2O3 percentage, TC behaves the best wetting resistance
during the sessile drop test, shown in Figure 4.8.
However, magnesium has a low vapor pressure and is, thus, easily lost from aluminum
alloys at elevated temperature: Al[ Mg ] → Al + Mg ( g ) . Consequently, Mg readily volatilizes
during holding temperature and finally is lost from the alloy. The presence of protection
atmosphere (Ar-4%H2) and its flow helps to remove the Mg vapor from the wetting system. This
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could explain experimental results that no Mg leftover was found from TCON samples after
sessile drop tests with an Al-5Mg liquid drop applied.
On the other hand, Si was found to have a negative effect on increasing the contact angle.
It has also been found that free Si around SiC particles improves the spreading of molten
aluminum on the SiC substrate. [42] Moreover, it has been shown that aluminum alloys better
wet siliconized SiC substrates than unsiliconized SiC substrates. The reason is attributed to a
chemical reaction in which both Si and aluminum are active participants. [43] The regions rich in
free silicon behaved as preferential diffusion paths with the formation of {A1-Si} solution .[2]
This may be explained by referring to the Al-Si Binary phase diagram shown in Figure 4.10. At
800ºC when a drop of liquid Al (indicated by point C) on the phase diagram contact Si (indicated
by point A), wetting occurs readily as the Si from substrate becomes a participant in a reaction
that changes its surface composition toward equilibrium (indicated by point B). Simultaneously,
the liquid Al becomes a participant in a reaction that changes its composition toward point B.
Figure 4.9 shows the dissolution of silicon from the TCON into an aluminum alloy at the
interface. The contribution of the reactions to reactive wetting may be represented
mathematically by modifying Young’s equation for a nonreacting, steady-state sessile drop to
include the contribution of the free energy of the reaction [44]: γ sv − (γ sl + ΔFr ) = γ lv cos θ . It is
also notified that Al additions to TCON substrate played a positive effect on increasing the
contact angle by reducing the compositional gradient of Al diffusion from molten drop to TCON
base, slowing down the diffusion rate, and thus, resulting in better wetting resistance of the base
materials. To rank the wetting performance of three types of TCON materials, a combined
consideration should be made of Al, Si, and Al2O3 content in TCON.

4.4. Reactive Wetting of Iron Based Alloy by Molten Zinc-Aluminum Alloy

The reactive wetting behaviors of MSA2020, an Fe-based superalloy and 316L stainless
steel in contacting with molten GI alloy were investigated by sessile drop method. The tests
were conducted in purified Ar-4% H2 atmosphere at three temperatures, namely 465ºC, 485ºC,
and 500ºC. The contact angle and drop geometry were monitored and the wetting property was
compared among 316L stainless, cast MSA 2020, and MSA 2020 weld overlay. Metallographic
and chemical analyses were conducted on tested samples to characterize the wetting and
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reaction. The results of this investigation indicate that MSA2020 may potentially be utilized as a
new material for submerged pot hardware in continuous galvanizing operations.

4.4.1. Testing Materials

316L stainless steel and MSA2020 (the Fe-based, carbide-rich superalloy supplied by
Metaullics Systems Division of Pyrotek Inc.) were studied as the substrate materials in this
wetting investigation (see Table 4.4). The as-cast MSA2020 contained a continuous microscopic
network of interpenetrating microscopic intermetallic phases and solid solution metallic phases.
The presence of metallic phases provided significant improvement in toughness and damage
tolerance, while the intermetallic phases contributed to high hardness and improved performance
at elevated temperatures. The MSA2020 materials evaluated in the present study were produced
utilizing two process methods: (1) casting and (2) weld overlay on the 316L core, respectively.
The microstructures of the substrates, MSA2020 superalloy (cast and weld overlay) and 316L
stainless steel, are shown in Figures 4.13. As can be seen in Figure 4.13(a), MSA2020 consisted
of distinct primary dendrites of a Mo/W-containing intermetallic phase as well as a Cr-enriched
intermetallic phase bound together with a network of eutectic solid solution phase matrix. A
weld-overlay cladding of MSA2020 superalloy was made via submerged arc welding and had a
uniform microstructure as shown in Figure 4.13(b), which includes the intermetallic phase
containing Mo and W and Cr, together with the Fe solid solution phase. The micrograph and
grain size of 316L stainless are shown in Figures 4.13(c) and 4.13(d).
Galvanizing zinc alloy which contained 0.23 wt. %Al were machined down to cubes (5
mm × 5 mm × 3 mm) for melting during static wetting tests and also extruded into wire segments
of 3 mm diameter which to produce molten sessile drops during dynamic testing. Substrate
samples (316L stainless steel and MSA2020 superalloy) were cut (12 mm × 12mm × 3 mm) from
originally supplied materials. Experiments were carried out in purified Ar-4%H2 at various
temperatures from 465°C to 500°C and different testing duration from 1 to 4 hours. The changes
in contact angle between the molten Zn alloy and the substrates were monitored over time using
a high speed charge-coupled device (CCD) camera. The test matrix of metallic base materials
wet by Zn-Al alloy was listed in the Table 4.5.
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4.4.2. Wetting and Contact Angle

Sessile drop testing is a powerful tool for the study of the transient stages of initial solidliquid contact and its subsequent evolution, which is a result of the minimization of interfacial
energy. Hence, contact angle and drop dimensional observations, as well as the interfacial
characterization, were reviewed for two substrate alloy and molten zinc systems.
Illustrating the changes in contact angle and drop geometry with time, Figures 4.14 and
4.15 show images of a molten zinc drop on the 316L stainless and MSA2020 substrates during
isothermal dwelling at 465°C and 485°C, respectively. The initial contact angle between the
316L substrate and liquid zinc alloy was an obtuse angle (>90°) [Figures 4.14(b) & 4.15(b)], but
was found to gradually decrease to an acute angle (<90°) during a hold time of 30 minutes,
indicative of the occurrence of reactive wetting [Figures 4.14(c) & 4.15(c)]. Approximately 50
percent of the molten zinc alloy diffused into the 316L base after the dwelling time was extended
to 60 minutes at 465ºC while this dwell (60 minutes) assist more than 90 percent of the molten
zinc in either penetrating into or spreading over the base 316L [Figure 4.15(d)].

This

significantly changed the geometry of the zinc droplet. At the end of the test, almost all the
molten zinc permeated in to the 316L substrate by diffusion and chemical reaction [Figures
4.14(d) & 4.15(f)]. Conversely, the contact angle on the cast MSA2020 superalloy remained at
an obtuse angle throughout the entire dwell process regardless of the temperature (465°C and
485°C) and dwell time (4 hours and 2 hours). This final state was considered to represent the
obtaining of reactive wetting equilibrium. The wetting performance of MSA2020 weld overlay
was between the cast MSA2020 and 316 steel. In particular, after 2 hours dwell time at 485°C,
there was no residual zinc left on 316L base while 50 percent residual zinc drop was remained on
MSA2020 weld overlay [Figure 4.15(d)], which proved that the overlay sample had better
wetting resistance against the molten zinc alloy. However, the fact that the wetting angle of
overlay turned to be less than 90 degree after 30 minutes indicated that the affinity of overlay for
molten zinc is stronger than that of cast MSA2020, although their chemical compositions are
alike. In fact, the cast MSA2020 kept non-wetting (contact angle is greater than 90 degree)
during 2 hours dwell at 485ºC, while the geometry of molten zinc droplet on MSA2020 overlay
was distorted from an original hemisphere and partially flew down to the side wall of the base
[Figures 4.15(e) & 4.15(f)]. Differences on the wetting performance between MSA2020 cast and
weld overlay base materials, are potentially due to the variance in the chemical composition,
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phase composition and microstructure of the substrates, leading to the divergence of the reactive
wetting kinetics.
Taking each compositional element content of MSA2020 cast as 100, the comparison
result of weld overlay is: C 17.27, Cr 87.78, Mn 93.00, Mo 53.75, Co 36.13, V 74.33, W 16.30,
Fe 152.69. It was shown from the above data that the content of all the alloying elements is
higher in MSA2020 cast than that in weld overlay, while the chemical content of Fe base is
lower in MSA2020 cast than that in weld overlay. Meanwhile, this chemical compositional
divergence caused different phase formation. In detail, MSA2020 cast is composed of the
following phases: FCC (3.17%), M23C6 (29.8%), M6C (11.7%), BCC (55.3%). MSA2020 weld
overlay is composed of: HCP (1.04%), M23C6 (5.39%), Sigma (20.2%), BCC (73.4%). Ritter et
al. studies the sigma-phase formation and found that precipitation of M23C6 carbides was
suppressed by the rapid formation of the sigma-phase, and the sigma precipitation was retarded
by the formation of intergranular M23C6. [45] This finding explained that MSA2020 cast was
enriched of M23C6 (29.8%) without sigma-phase; the weld overlay sample was lack of M23C6
(5.39%) while the sigma-phase percent was high (20.2%). In addition, it was proved by Grobner
et al. that the corrosion resistance of the steels was reduced due to the sigma-phase formation.
[46] Also, the results from Chapter 2 showed that the stability of carbides against molten metal
corrosion was high. Comparing with MSA2020 cast, the weld overlay samples had higher
content of sigma-phase which is corrosion sensitive phase, but lower of carbides which is
corrosion stabilized phase. Hence, the reactive wetting performances of weld overlay samples
were more severe, detected by the lower value of the contact angle and shorter incubation time
before macro-wetting started (contact angle turned to be smaller than 90º). Moreover, the
formation of sigma-phase not only causes materials embrittlement but also reduces the strength
and ductility [47], resulting in a weak wetting resistance against molten Zn-Al.
Four parameters, namely contact angle (CA), drop volume (V), drop base diameter (D),
and drop height (H), were analyzed to gain insight into the reactive wetting kinetics. The wetting
kinetics could be inferred by combination of the changes in contact angle with the changes in
drop size. The change in contact angle characterized by the advance of the triple phase reaction
(that where the solid substrate, liquid metal, and gaseous experimental environment are in
contact) was due to the decrease in the drop height and/or the increase in the drop base diameter.
The determinant factor depended on the specific wetting system. From Figures 4.14 and 4.15, it
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was observed that the drop volume of both 316L stainless and MSA2020 (cast and overlay)
continuously decreased during the wetting process, minimizing the drop volume present at the
end of the wetting tests after 120 minutes. Combining the results obtained at various temperature
(465ºC, 485ºC and 500ºC) and dwell time (1 hour, 2 hours, and 4 hours), shown in Figures
4.17(a), 4.18(a), 4.20, 4.24(a) respectively, it was found that the decrease of the drop height was
the dominant sub-stage for the wetting of MSA2020, while the increase in drop base diameter by
spreading of the molten zinc overwhelmed the reactive wetting process on 316L stainless.
At 465ºC, molten zinc did not wet the cast MSA2020 after 2 hours, as evident by the
solidified drop easily detached from the substrate after the test without any adhesion [Figures
4.17(a) and 4.17(b)]. However, when the dwelling time was extended from 2 hours to 4 hours at
465ºC, the molten zinc drop could stick onto the MSA2020 surface more readily, although the
contact angle was as large as 110 degree [Figure 4.18(c)]. Similar phenomenon was found at the
wetting test of 485ºC-2 hours while the contact angle was 120 degree [Figure 4.21(a)]. The
EPMA analysis showed that a thin Fe-aluminide layer was formed, bonding with the MSA2020
substrate [Figures 4.18(e) through 4.18(j), Figures 4.21(d) through 4.19(j), Figures 4.24(d)
through 4.24(j)]. Increasing the heating temperature from 465ºC to 485ºC and subsequently to
500ºC, the wetting performance of MSA2020 was studied at higher temperatures. A small
molten zinc “pond” was observed around the drop at 485ºC indicating the increase of the drop
base diameter [Figures 4.15(d) to 4.15(f)]. Analyzing the cross-sectional interface, the contact
angle was found to be greater than 90º [Figure 4.21(a)] despite initiation of reactive wetting and
formation of reaction products in the solid base-liquid drop interface [Figures 4.21(c) through
4.21(j)]. Additionally a tiny crack was found at the edge of the droplet [Figure 21(a)] probably
caused by the coefficient of thermal expansion (CTE) mismatch between zinc and the MSA2020
substrate during cooling. It is hypothesized that the temperature enhancement may decrease the
contact angle as a result of enlargement of the droplet on the substrate from greater molten metal
fluidity. As an example, the 500ºC sessile drop results showed that the contact angle of
MSA2020 was reduced to less than 90º [Figures 4.24(a) and 4.24(b)] and an interfacial Fealuminide intermetallic layer was also observed under such an experimental condition [Figures
4.24(c) through 4.24(j)]. In addition, a thin oxide layer (less than 1 micron) was found covering
the molten zinc drop, as shown in Figure 4.18(b), resulting in the sharp edge of the top drop
during the tests.
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On the other hand, for both MSA2020 overlay and the 316L substrates, the molten zinc
spread over the base surface and the droplet height extremely decreased in all the experiments
regardless of the heating temperature (465ºC, 485 ºC, 500 ºC) or dwelling time (1 hr, 2 hrs, 4 hrs)
[see Figures 4.17(a), 4.18(a), 4.20, 4.24(a)]. Comparing those two base materials, it was found
that the penetrating speed of the molten zinc into 316L steel is greater than that of MSA2020
overlay at the same experimental condition. The Fe-aluminide reaction layer was detected by
BSE and EPMA, in all the tests except 465ºC-2 hours, with varying thicknesses from the crosssectional microstructures of 316L base & MSA2020 overlay base wet by molten zinc drop, as
shown in Figures 4.17(d), 4.19, 4.22, 4.23, 4.25, and 4.26. Furthermore, reviewing the droplet
geometry and macro-bonding, a comparison can be made on the wettability of the base materials,
316L and MSA2020 (cast and overlay), with molten Zn-0.23wt%Al alloy. As observed in Figure
4.14 for 465ºC-4hours wetting tests and in Figure 4.15 for 485ºC-2hours wetting test, the contact
angle of MSA2020 remained obtuse while 316L and MSA2020 overlay displayed an acute angle
at the end of the above two testing conditions. Conversely, it was determined that 500ºC
facilitated the wetting activity for all three types of the substrate materials by reducing the
contact angle below 90ºC, as shown in Figures 4.24 through 4.26.
It must also be noted that the substrate corrosion reaction could take place even though
the contact angle is larger than 90º. Terms of “micro-wetting” and “macro-wetting” were
defined and utilized to clarify the reactive wetting behaviors. Macro-wetting, defined based on
the value of the contact angle, occurs when the contact angle at the drop interface is less than 90
degree. Micro-wetting, defined based on the interfacial microstructural morphology, occurs
where the drop is in contact with the substrate at the drop base and this wetting is observed by
SEM on the micro-scale. Conventionally the macro-wetting and contact angle of 90° are used to
generally characterize materials wettability.

Experimental interpretation indicated that the

metallurgical reaction, i.e micro-wetting, may occur even when the liquid droplet and solid base
were observed as non-wetting from macro point of view (contact angle is larger than 90°).
In order to study the dynamic effect occurring at the moment when the molten droplet
touched the solid base by dropping, the dynamic sessile drop tests were carried out on the cast
MSA2020 substrates by molten zinc-aluminum droplet, as shown in Figures 4.16 & 4.27. From
Figure 4.16, it was found that the droplet stuck onto the base and remained as a hemisphere
without being split into pieces. This finding explained that there was a relatively tight bonding
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in the solid-liquid interface, although the contact angle was detected as large as 135 degree.
After analyzing the interface by EPMA mapping [Figures 4.27(c) through 4.24(h)], the layer of
Fe aluminide intermetallic phase was also observed, which was comparable with the static sessile
drop test results [Figures 4.18, 4.21, and 4.24(c)]. Base on it, a conclusion was drawn that the
metallic reaction did happen at a high rate to form a reaction layer, once the molten zinc droplet
came in contact with the alloy base, even if the MSA2020 displayed a good non-wetting
performance with the obtuse contact angle.

4.4.3. Interfacial Morphology Examination of Reaction Layers

The reaction of 316L and MSA2020 with the Al-containing Zn alloy was found to initiate
with the formation of Fe-aluminide layers, regardless of the temperature (ranging 465ºC from to
500ºC) or time (ranging from 1 hour to 4 hours), and a continuous Fe-aluminide layer was
distinctive in both 316L and MSA2020. These Fe-aluminide layers were most likely based on a
Fe2Al5 structure with some of the Fe sites substituted by Cr, Si, and Mo atoms. δ-phase with
diffused Al was also identified as a reaction zone in 316L and MSA2020 in a region receding the
Fe-aluminide front layer. The boundaries between the different phases of wetting for MSA2020
were very clear in the EMPA mappings. However, since the molten zinc alloy has a strong
affinity for 316L stainless, most of molten zinc either penetrated down to the 316L base or
flowed over the contact surface, leading to only a very small amount of zinc remaining on the
316L surface. With a minimal amount of residual zinc thickness, it was difficult to detect the
boundary between the δ-phase and the zinc alloy matrix.
As the wetting time at 465ºC increased from 2 hours [Figure 4.17] to 4 hours [Figure
4.19], the reaction front in the form of an aluminide layer moved further inward from the sample
surface and a Zn-rich zone was left behind. As a result, the thicknesses of the reaction layers
increased from 0.2 microns [Figures 4.17(d)] to 3 microns [Figures 4.19(b)]. Similarly, the
increase of the wetting temperature from 465ºC to 485ºC with the same dwelling time (2 hours)
also facilitated the growth of the reaction layer from 0.2 microns [Figures 4.17(d)] to 5 microns
[Figures 4.23(b)]. Comparing with the three substrates under the same testing condition, such as
485ºC after 2 hours [Figures 4.20], the thickness of the reactive layer for 316L stainless [5
microns in Figure 4.23(b)] was more than double of that for cast MSA2020 and overlay both of
which were shown as 2 micron in Figures 4.21(c) and 4.22(c), indicating that the reaction driving
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force of 316L was larger than that of MSA2020. The weaker reactivity of MSA2020 may be
explained by its poor affinity to the molten Zn-Al alloy, resulting in a lower diffusion coefficient.
In other words, the interfacial reaction force of Zn-Fe was larger than the reaction of Zn-W/Mo.
Neither W nor Mo diffused from MSA2020 into the interface, while Fe did. Figures 4.24 through
4.26 shows that the result of 500ºC-1hour wetting was comparable with that at 485ºC-2hours
with MSA2020 developing a 2 microns thick intermetallic layer and 316L forming a 5 microns
layer. The chemical compositions of the reaction layer formed on both cast MSA2020 and
MSA2020 overlay were alike, so did the reaction layer thickness. This indicates that the big
difference of the wettability with molten Zn-Al alloy is not due to the different materials
processing techniques, casting or weld overlaying.

4.4.4. Characters of Reactive Wetting

The results obtained in this study indicate that 316L stainless and MSA2020 (Fe-based
superalloy) react readily with molten Zn-Al alloy but the characteristics of the reactions varied
with the alloys and evolved with the reactive wetting times. The reaction layers were generally
continuous and compact and the growth of the layers was proportional with the wetting time.
Previously, Zhang, et al. studied the long time (168 hours) dipping performance of Co-based and
Fe-based superalloys in a Zn-0.22 wt %Al bath, and found that the growth of the reaction layer
followed a parabolic development [16], indicating that the reactions were diffusion controlled.
Hence, the reaction rates were determined by the diffusivity of the dominant reactant in the
reaction layer. The findings in the current study imply that the reactive wetting behavior of
MSA2020 superalloys in molten Zn-Al alloy is complicated in nature. In addition, the wetting
tests prove that the reaction could happen even if the contact angle was observed to be obtuse.
Thus, by simply measuring the dimensional or weight changes of the tested samples, the severity
of the reaction of an alloy with the test media may be misinterpreted because the results of the
measurements depend strongly on how the reaction products (consisting of the residual Zn
overlay), the built-up layer and the reaction layer are removed. Some researchers have judged
the wettability of a material to molten alloy based only on the contact angle value [48, 49] and
such a discernment may significantly underestimate the extent of the reactive wetting because
the reaction products may initiate development even with a contact angle larger than 90º. This
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discovery could, in part, explain discrepancies in the debate of wetting and reaction performance
of results reported by different researchers on the materials in molten alloys.
To better understand the reactive wetting kinetics between the liquid zinc alloy and the
solid base, it is necessary to discuss the reaction behaviors and the corresponding effects. The
influence of the chemical reaction and formation of the Fe2Al5 intermetallic layer on the reactive
wetting process is not clear. On one hand, the new phase formation promoted wetting of the
substrate materials by the chemical reaction, which continuously consumed the reactive elements
(Fe, Al, Zn). The propagating chemical reaction assisted the reactive components at a high rate
of diffusion since the diffusion was driven by the concentration gradient. The accelerated
diffusion facilitated the wetting and shortened the wetting time.

On the other hand, the

accumulation of the intermetallic compounds at the interface reduced the activity of the reactive
wetting. It is perceived that the wettability also depends on the amount of active elements (i.e.
Fe) in the tested system. The new intermetallic phases (Fe2Al5) accumulated at the interface
between the molten zinc alloy and the solid base, partially covering the reactive sites and
requiring the Fe to slowly diffuse across this aluminide layer. From this perspective, the Fe2Al5
reaction layer possessed effects similar to an inhibition layer, where consumption of the Al by
the Fe2Al5 intermetallic layer depleted the reactive Al at the substrate/ zinc interface.

4.4.5. Mechanism of Reactive Wetting

The dimensional changes of the molten zinc droplet and increases of the reaction layers
on the base materials were accompanied by a complicated phase evolution processes. It was
observed from EPMA mapping that Al is the most corrosive ingredient in the molten alloy
because it reacts with transition metals and forms aluminides with relatively low free energies of
formation. The reaction of 316L stainless with the Zn-Al bath would obviously form Fealuminides (Fe2Al5 type) at the initial stages. A similar reaction took place in the case of
MSA2020, but required longer time than 316L for inciting the reaction before the energy barrier
was overcome.
The formation of the Zn-rich reaction zones behind the moving reaction fronts in the
alloys created chemical compositions of the reaction zones which were quite different. The Znrich layer in the 316L contained close to 95% Zn and only 0.8% Al and is likely based on the δphase (Zn10M). Conversely, the reaction zones formed in MSA2020 contained considerable
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amounts of Al (10.4%). In addition, EPMA mapping did not detect any Mo in the reaction zone,
minimizing the likelihood of Mo-aluminide formation. This result differs from previous research
on another Fe-based superalloy, T-500M, where a large amount of Mo3Al8 was found in the
reaction zone [16]. This variance is possibly due to the difference in chemical composition of the
solid solution phases in these alloys, where T-500M contained an appreciable amount of Mo
while only a limited amount of Mo was added to MSA2020.
For both 316L stainless and MSA2020 superalloy, the reactive wetting could be
explained in three steps. It started with the wetting and diffusion of the molten Zn-Al to the solid
base, followed by the conversion of the Fe solid solution phase into an Fe-aluminide of the
matrix components. Subsequently, this aluminide layer was converted into the δ-phase (Zn10M)
in 316L and Zn-rich Al-Fe intermetallic phases in MSA2020. The relatively stable intermetallic
phases containing Mo, W and Cr were left undisturbed due to their dissension of molten zinc
alloy. Apparently, such a three-step process allows the early participation of Zn in reactive
wetting and, hence, is kinetically favored. The cross sectional BSE mapping and corresponding
EDS chemical analysis at different selected locations of MSA2020 sample, which was dipping in
GI bath for a long time campaign(30 days), provides a solid evident for the mechanism above, as
shown in Figure 4.28. Detailed chemical compositions of each constituent are listed in Table
4.6.

4.4.6. Alloying Elements Effects and Other Influence Factors

It was concluded that the wettability was significantly affected by key factors such as
alloying elements, the solid base density, and roughness of the substrate materials. For the
MSA2020 superalloy, the alloying constituents segregating on the surface would cover part of
the free iron surface and subsequently reduce wettability of molten zinc and aluminum with Fe.
Moreover, introduction of Mo-W-Cr intermetallic phases at the solid-liquid interface offset the
roughness effect on wetting, curving the interfacial boundary. The liquid zinc initially reacted
with the Fe solid solution, which was located in the valley between those spattered intermetallic
phases. The same conclusion was made in the case of Cu wetting by PbSn solder. [50, 51] The
difference in the roughness of the Cu6Sn5 intermetallic in the inner regions and at the reaction
band at the edge of the solder imparted great effect on the wettability.
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Moreover, the addition of alloying elements to the MSA2020 superalloys to promote the
formation of Mo-W-Cr intermetallic phases apparently improved the resistance of the alloy to
the reactive wetting by molten Zn-Al alloy. Results obtained in this study revealed that the
phases containing Mo-W-Cr were more stable than the Fe solid solution phases, and these phases
was not attacked by molten zinc alloy during the reactive wetting process. Containing Mo, W
and Cr of significant amount, MSA2020 displayed better wetting resistance than 316L which
contains Cr, Ni and Mo. Further investigation is warranted to explore the mechanisms and to
verify the applicability of MSA2020 superalloy as galvanizing pot hardware materials.
The surface roughness was another important factor influencing the wettability. Since all
the specimens were polished under the same conditions, the effect caused by the surface
roughness was assumed to be negligible compared with the interfacial reaction which contributed
more to the wetting dynamics. It is postulated that if the substrate materials were manufactured
with a more porous structure, the solid base would adsorb the liquid phase, accelerating the
wetting process. However, considering that the base materials, 316L stainless and MSA2020,
were dense and compact, the decrease in contact angle was not a consequence of adsorption
effects.
4.5. Summary

In order to explore mechanisms of reactive wetting occurring between molten Zn/Al alloy
and metallic /composite substrates, wetting behaviors of zinc alloy (Zn-0.23Al) and aluminum
alloy (Al-Mg) were investigated using the sessile drop technique. A link can be made between
the wettability and the activity for molten metal droplets to react with metallic/composite
substrates.
For the case of molten Al/Al-Mg alloys wetting the composite refractory substrates, the
interaction resulted in contact angle values which were initially obtuse, but changed to acute
angles in most cases. Some wetting and reaction mechanisms were discussed based on the
identification of changes of contact angles and drops dimensions as well as the interfacial
elemental mappings.
For the case of molten Zn-Al alloys wetting metallic substrates, it was found that Fealuminide, based on the Fe2Al5 phase, formed in the reaction layer on 316L stainless steel and on
MSA2020, an Fe-based superalloy. Alloying elements Mo/W/Cr added to the MSA2020
superalloy significantly improved wetting resistance to molten zinc. Since current reactive
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wetting theory suggested that the first intermetallic compound formed during the wetting
reaction could influence the wetting properties, the reaction of the base alloy and molten zinc
droplet was discussed. Several findings were observed:
(1) MSA2020 superalloy possessed better wetting resistance than 316L in contact with
the molten zinc alloy at test temperatures of 465ºC, 485ºC, and 500ºC. Less residual zinc was
found on the surface of 316L than MSA2020 after the wetting tests, which lasted as long as 4
hours.
(2) The contact angle of MSA2020 remained at an obtuse angle throughout the wetting
tests of 4 hours at 465ºC and 2 hours at 485ºC. However, the contact angle of MSA2020 wet by
the molten zinc alloy dropped to an acute angle when the temperature was increased to 500ºC.
Conversely, a molten zinc film started to spread over the 316L surface in the first half hour of
dwelling at 465ºC. Reactive wetting became more severe when the temperature was increased.
(3) The surface reaction was found to initiate even though the liquid droplet and solid
base were observed as non-wetting (contact angle larger than 90°).
(4) The reaction mechanisms were identified in three stages. Initially, the Al diffused
into the base materials to form an Fe-aluminide layer, which acted as the reaction front. Next, the
reaction front penetrated the substrate through inward diffusion of Al. And finally, Zn-rich
zones formed behind the reaction front as a result of Al depletion.
(5) The alloying constituents (W, Mo, Cr) in MSA2020 segregated on the surface,
reducing the wettability by molten Zn-Al by covering the reactive sites on the solid-liquid
interface.
(6) A strong diffusion of silicon from the composite refractory substrate into the liquid
Al/Al-Mg drop was observed and silicon was noted to accumulate on the interface and surface
area of the drop. Additionally, Al was found to move into the refractory.
(7) The Mg found in the 5083 alloy apparently promoted the wettability of molten Al on
refractory substrates as noted by the observations of changes in the wetting behavior.
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Table 4.1 Refractory Substrate Compositions*
Composition (wt. %)
Silicon Carbide
Aluminum Oxide
Aluminum / Silicon

MC
54
38
8

TC
50
35
15

TQ
/
70
30

Table 4.2 Chemical composition of aluminum alloy 5083
Component

Al
92.4 95.6

Wt. %

Cr
0.05 0.25

Cu
Max
0.1

Fe
Max
0.4

Mg

Mn

4 - 4.9

0.4 - 1

Si
Max
0.4

Ti
Max
0.15

Zn
Max
0.25

Table 4.3 Test Matrix for TCON-Al alloys sessile drop Tests
Testing materials
Substrate

Droplet

Temp
(deg C)

TQ

Al-5wt%Mg

900

TQ

MC

Pure Al

TC

Pure Al

2

Induction furnace

1

IR circular furnace

2

Induction furnace

1

IR circular furnace

2

Induction furnace

1

IR circular furnace

2

Induction furnace

1

IR circular furnace

2

Induction furnace

1

IR circular furnace

2

Induction furnace

1

IR circular furnace

SEM&EDX

Video

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

900

900

Al-5wt%Mg

TC

Furnace

900

Al-5wt%Mg

MC

Time
(hour)

Pure Al

900

900

Table 4.4 Chemical composition of the substrate materials (wt%)
Materials

C

Si

Mn

S

P

Cr

Ni

*

Mo Co

W

B

Ta

Cu

N

Tables 4.1 and 4.2, together with Figures 4.4-4.7 & 4.9-4.12, refer to literature: J. Hemrick, J. Xu, K. M Peters, X.
Liu, E. Barbero, "Wetting and Reaction Characteristics of Al2O3/SiC Composite Refractories", the 31st International
Conference on Advanced Ceramics and Composites, Daytona Beach, 2007
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Fe

316L ss

0.012 0.40 1.39 0.029 0.024 17.55 10.74 2.05

\

\

\

\

0.257 0.051 67.5

MSA 2020 A proprietary Fe-based superalloy containing primary alloying additives of Cr, Co, Mo, and W
Table 4.5 Test Matrix for Steel/Superalloy-Zn alloys sessile drop Tests
Testing materials
Temp
(deg C)
Substrate
Droplet
Zn316L
465
0.23wt%Al
Zn316L
465
0.23wt%Al
Zn316L
485
0.23wt%Al
Zn316L
500
0.23wt%Al
MSA 2020
Zn465
– as cast
0.23wt%Al
MSA 2020
Zn465
– as cast
0.23wt%Al
MSA 2020
Zn485
– as cast
0.23wt%Al
MSA 2020
Zn500
– as cast
0.23wt%Al
MSA 2020
Zn485
overlay
0.23wt%Al
MSA 2020
Zn500
overlay
0.23wt%Al

Time
(hour)
2
4
2
1
2
4
2
1
2
1

Furnace

Microscope

IR circular
furnace
IR circular
furnace
IR circular
furnace
IR circular
furnace
IR circular
furnace
IR circular
furnace
IR circular
furnace
IR circular
furnace
IR circular
furnace
IR circular
furnace

Camera & OM&
SEM&EDX
Camera &
SEM&EDX
Camera &
SEM&EDX
Camera &
SEM&EDX

Video
YES
YES
YES
YES

Camera & OM

YES

Camera &
SEM&EDX
Camera &
SEM&EDX
Camera &
SEM&EDX
Camera &
SEM&EDX
Camera &
SEM&EDX

\
YES
YES
YES
YES

Table 4.6 Elemental Compositional Distribution of Figure 4.28
Location
Point
A
Point
B
Point
C
Point
D
Point
E
Point
F

Element
Al
Mo
%
wt%
2.24 2.42
at%
4.88 1.48
wt%
2.36 5.63
at%
5.39 3.61
wt%
4.47 8.78
at%
10.45 3.01
wt%
2.73 5.79
at%
6.21 3.71
wt%
3.59 9.13
at%
7.03 17.17
wt%
3.31 0.24
at%
7.56 0.52

V

Cr

Mn

0.97
1.11
2.40
2.91
1.79
1.17
2.47
2.98
7.80
2.24
1.77
0.59

14.79
16.68
19.56
23.18
0.89
1.10
19.11
22.58
3.23
1.78
0.70
0.45

0.72
0.77
1.14
1.28
4.48
5.43
0.94
1.05
1.90
1.97
0.37
0.44

138

Fe

Co

Ni

W

Zn

50.12 7.31 3.36 7.57 10.49
52.62 7.27 3.36 2.41 9.41
35.55 5.54 3.22 13.09 11.50
39.23 5.80 3.37 4.39 10.84
0.21 11.30 1.53 0.58 65.96
0.24 12.75 1.64 0.62 63.58
30.96 4.49 2.45 11.59 19.47
34.05 4.68 2.56 3.87 18.30
40.41 9.22 0.87 0.51 23.32
41.03 8.72 0.78 0.46 18.83
2.36 0.41 9.21 0.88 80.75
2.79 0.46 10.16 0.93 76.09

(a)
(b)
Figure 4.1 Apparatus of the static sessile drop unit
(a) test unit; (b) induction heating coil and thermocouples

After Heating

Before Heating
Inductive Furnace
Metal Sample
Refractory Substrate
Ceramic Support Rod
Ceramic Catch Pan

Figure 4.2 Schematic sketch of the static sessile drop unit
(a)

(b)

(c )

(d)
(f)

(e)

Figure 4.3 Apparatus of the dynamic sessile drop units
(a) videocassette recorder (b) 33 kW horizontal circular infrared furnace front view (c) flow
meter for Ar-4%H2 (d) furnace controller (e) CCD camera (f) infrared furnace side view
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Tube Furnace
CCD

Quartz Tube

VCR

Metal Slug

gas
Molten Metal Drop
Sample
Substrate

Thermocouple
Check Valve

Sample Holder

Slide

Vacuum/Gas Inlet

Figure 4.4 Schematic sketch of the dynamic sessile drop unit

(a)

(b)

(c)

Figure 4.5 Microstructure of refractory materials (a) MC, (b) TC, and (c) TQ
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t=0min

t=5min

t=15min

t=25min

t=30min

t=65min

t=90min

t=120min

Figure 4.6 Wetting progress of a molten Al droplet on a TC substrate at 900 °C
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Figure 4.7 Variations in contact angle of TC substrate - liquid Al and droplet size (base diameter
and height) during dwelling at 900 °C
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Figure 4.8 Variations in contact angle of three types of refractory substrates with liquid Al/Al
alloy during dwelling at 900°C
(a)TCON wet by molten Al; (b)TCON wet by molten Al 5083 alloy; (c) sum of (a) and (b)
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(b 1)

Si
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(c 2)

(c2)
Figure 4.9 BSE photomicrographs and microprobe mapping of the cross section of the molten
aluminum 5083 alloy droplets on: (a) TQ; (b) TC ; (c) MC substrates at 900 °C for 1 hr.
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Figure 4.10 Al-C-Si ternary phase diagram at temperature of 900 ºC (1173 K) and Al-Si binary
phase diagram
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(a)
Al 5083 alloy

(b)

Al

TC substrate

TC substrate

Figure 4.11 Back scattered micrographs of a section of the TC substrate reacted with: (a) a
molten Al droplet; (b) a molten Al 5083 alloy droplet, after 2 hrs at 900 °C.
(b)

(a)

Al 5083 alloy
Al 5083 alloy
TC substrate
TQ substrate

(c)

Al 5083 alloy

MC substrate

Figure 4.12 BSE photographs of the sections of the molten aluminum 5083 alloy droplets on: (a)
TQ; (b) TC ; (c) MC substrates at 900 °C for 1 hr.
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Cr

W, Mo, V
W, Mo, Cr, V

Fe, Ni

Fe, Ni, Cr

Fe

(a)

(b)

(c)
(d)
Figure 4.13 Microstructure of the tested samples: (a) MSA2020 (b)MSA2020 weld overlay (c)
&(d)316L

316L

MSA 2020

316L

MSA 2020

(a)

(b)
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316L

MSA 2020

316L

MSA 2020

(c)
(d)
Figure 4.14 Wetting of MSA2020 (left) and 316L stainless steel (right) with the Zn-0.23Al
droplet at 465 ºC after (a) initial; (b) after 10 mins; (c) after 30 mins; (d) after 4 hours
316L

MSA 2020 MSA2020 Overlay

(a)

(b)

(c)

(d)
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(e)
(f)
Figure 4.15 Wetting of MSA2020 (middle), MSA weld overlay (right) and 316L stainless
steel (left) with the Zn-0.23Al droplet at 485 ºC after (a) initial; (b) after 10 mins; (c) after 30
mins; (d) after 60 mins ; (e) after 90 mins; (f) after 120 mins

(a)
(b)
Figure 4.16 Dynamic Wetting of MSA2020 with the Zn-0.23Al droplet at 600 ºC
(a) initial; (b) after sessile drop
MSA 2020

Zn MSA 2020 316L

316L

(a)

(b)
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0.2 micron

(c)
(d)
Figure 4.17 Wetting of MSA2020 and 316L stainless steel with the Zn-0.23Al droplet at 465
ºC after 2 hours (a) & (b) optical macroscopic view; (c) & (d) back scattered micrographs
316L

< 1 micron

MSA 2020

(a)

(b)

< 1 micron

(c)

(d)
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(e)

(f)

(g)

(h)

(i)
(j)
Figure 4.18 BSE and EPMA mapping of wetting with the Zn-0.23Al droplet at 465 ºC after 4
hours
(a) top view; (b) BSE of surface oxide particles; (c)-(d) BSE of MSA2020; (e)-(j) EPMA of
MSA2020
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3 micron

(a)
(b)
Figure 4.19 BSE of 316L stainless wetting with the Zn-0.23Al droplet at 465 ºC after 4 hours
316L

MSA MSA 2020
2020 overlay

Figure 4.20 Wetting with the Zn-0.23Al droplet at 485 ºC after 2 hours

(a)

(b)
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(d)

(e)

(f)

(g)

(h)
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(i)
(j)
Figure 4.21 Back scattered micrographs and electron microprobe mapping of MSA2020after
2 hours at 485ºC (a)-(c) BSE (d)-(j) EPMA

(a)

(b)

2 micron

(c)

(d)
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(e)
(f)
Figure 4.22 Back scattered micrographs and electron microprobe mapping of MSA2020 weld
overlay after 2 hours at 485ºC (a)-(b) BSE (c)-(f) EPMA

5 micron

(a)
(b)
Figure 4.23 Back scattered micrographs and electron microprobe mapping of 316L stainless
steel after 2 hours at 485ºC (a) BSE (b) EPMA
MSA2020
Overlay

MSA
2020

316L

(a)

(b)
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(c)

(d)

(e)

(f)

(g)

(h)
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(i)
(j)
Figure 4.24 Back scattered micrographs and electron microprobe mapping of MSA2020 after
1 hours at 500ºC (a) macro images comparing with MSA2020 overlay and 316L; (b)-(c) BSE;
(d)-(j) EPMA

2 micron

(a)

(b)

(c)

(d)

157

(e)

(f)

(g)
Figure 4.25 Back scattered micrographs and electron microprobe mapping of MSA2020 weld
overlay after 1 hours at 500ºC (a)-(b) BSE; (c)-(g) EPMA

5 micron

(a)

(b)
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(c)

(d)

(e)
(f)
Figure 4.26 Back scattered micrographs and electron microprobe mapping of 316L stainless
after 1 hours at 500ºC (a)-(b) BSE; (c)-(f) EPMA

(a)

(b)
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(c)

(d)

(e)

(f)

(g)
(h)
Figure 4.27 Back scattered micrographs and electron microprobe mapping of 316L stainless
after 40 minutes at 600ºC (a) OM; (b) BSE; (c)-(h) EPMA
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(c)
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(f)
(g)
Figure 4.28 Back scattered micrographs and EDX point chemical composition of MSA 2020
overlay rotating in Zn-0.23 wt%Al at 465 ºC for 30 days (a) BSE; (b)-(g) EDX, details refer to
Table 4.6
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5.1. Introduction
Electrochemical corrosion tests were carried out, as a new research tool, to provide
insights into the study of corrosion and dross formation in molten zinc-aluminum system.
Preliminary room temperature electrochemical tests were initially conducted to evaluate the
experimental apparatus and to give guidance for developing high temperature electrochemical
and EMF tests.
Electrochemical tests are conventionally used to evaluate the corrosion resistance of
coatings such as GI/GA and GP-SP. Different Fe-Zn-Al intermetallic phases formed in the
coatings exhibit different electrochemical behaviors, such as variations in protective potential
plateau values. Therefore, electrochemical cells offer advantages over traditional methods, for
evaluating galvanic protection effects, and for investigating corrosion rates and corrosion
reaction kinetics. Because dross is composed of several intermetallic phases, its formation
depends upon several electron gain-loss processes. Therefore, an electrochemical cell was built
up in order to study in situ reactions and interfacial behaviors. This approach yielded new
information on the elementary properties of the dross nucleation and subsequent phase
transformation. In addition, electrochemical testing is an experimental tool that can be applied to
samples coated by Galvanizing (GI), Galfan (GF), and Aluminizing (AL). A variety of tests
were conducted providing detailed information on (1) selective galvanostatic electrochemical
dissolution, (2) potentiodynamic polarization, (3) electrochemical impedance spectroscopy, (4)
cyclic voltammetry, and (5) power spectroscopic density.
Using electrochemical methods to study dross nucleation and formation on hardware
materials immersed in molten zinc-aluminum bath at high temperatures, requires that key
modifications be made. The testing system temperature must be increased from room
temperature (~ 25ºC) to a temperature above the target alloy melting point (~ 460 ºC). Instead of
water solution at room temperature, the electrolyte candidate must be a stable ionic conductor at
high temperature.

Therefore, molten salt was selected as the electrolyte.

A diversity of

electrode-electrolyte combinations are summarized in Chapter 2, Section 2.5.3.
Dross phase nucleation-transformation and precipitation are thermochemical issues. The
electrochemical and thermochemical investigation of dross precipitation and stability behavior in
the galvanizing bath is discussed in this chapter. By employing in-situ electromotive force
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(EMF) and high temperature electrochemical methods using an Al concentration cell, the
chemical potential of Al( μ Al ) in the galvanizing bath, coexisting with the solid dross phase, can
be experimentally determined as a function of temperature (T). The potential diagram can be
estimated to illustrate the nucleation and stability domains of the dross phase in the molten Zn
bath as functions of working temperature (T) and immersion time (t). Reaction kinetics of dross
nucleation are categorized primarily as heterogeneous precipitation and transformation from one
phase to another by supersaturation. Based on the established EMF – T and EMF – t plots, it is
possible to determine the critical supersaturation boundary (CSB) for dross nucleation and
transformation.
In-situ

high

temperature

electromotive

force

(EMF)

and

high

temperature

electrochemical tests using Al concentration cells were applied to explore molten zinc/aluminum
corrosion and dross formation mechanisms in the GI processes. Four experimental methods
were applied: (1) electromotive force (EMF), (2) electrochemical impedance spectroscopy (EIS),
(3) potentiodynamic and galvanodynamic polarization, and (4) cyclic voltammetry (CV). Details
of each are described in the section 5.3.

5.2. Room Temperature Electrochemical Test

5.2.1. Testing Materials
The specimens selected for room temperature electrochemical tests were 316L stainless
steel which had been dipped in galvanizing, galfan(Zn-5 wt%Al), and Type 1 aluminizing bath
(Al-8Si) for time durations of 2 hrs, 8 hrs, 1 day, 3 days, and 10 days.

The operating

temperatures of the various hot-dip coating processes are listed in Table 5.1. The GI and AL
samples were conducted on a commercial production line at the Wheeling Nisshin plant in
Follansbee, WV. The on-line corrosion tests in the GF bath were performed at Mittal-Weirton
Steel in Weirton, WV. The cross sectional microstructure of the interface between the molten
zinc-aluminum and the 316L stainless base is shown in Figure 5.1. SEM analysis of the three
hot dip samples of 316L stainless, revealed that the interface morphology and dross shape were
different for the GI, GF, and AL coatings. The AL samples had a continuous intermetallic
bonding layer tightly attached to the 316L substrate, while the GI and GF samples had scattered
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dross particles which connected with each other and formed a semi continuous dross layer. All
the Zn ingots used for conducting the dipping tests were provided by Wheeling Nisshin.
The surface of the working electrodes were mechanically polished with sand paper, and
then rinsed with distilled water and placed into the cell for electrochemical tests.

5.2.2. Testing System
The electrolyte was a 5% NaCl solution prepared from AR grade sodium chloride and
distilled water.

Two connected graphite rods served as the counter electrodes (CE). The

reference electrode (RE) was the saturated calomel electrode (Hg/Hg2Cl2 or SCE) containing the
same electrolyte that was in the test cell. All potentials reported here are referenced to the
Hg/Hg2Cl2 reference electrode. The testing cell layout is sketched in Figure 5.2, and the overall
testing setup in the laboratory is shown in Figure 5.3. The electrochemical corrosion tests were
carried out using a glass cell, which was equipped with holes for a 316L stainless specimen [the
working electrode (WE)], a counter electrode (CE), a reference electrode (RE) and a gas purge
tube, as shown in Figure 5.3. The sample was mounted in a special holder, placed in the cell
filled with 5% NaCl solution, which worked as the electrolyte. A Solartron 1287 interface
potentiostat/galvanostat was connected with a Solartron 1260 impedance/ gain-phase analyzer
used for applying the signal and recording data. The experimental data were analyzed by
Solartron CorrWare, Zplot and MultiStat software, shown as Figure 5.4. All experiments are
performed at 25±2℃.
Figure 5.5 shows the sketch of mounting separate working electrode parts together. It
consists of eight steps.
(1)

Place the flat washer in the sample holder. The washer should fit flush with the opening
for the specimen.

(2)

Place the test specimen, shown as Figure 5.5 (b), in the sample holder body. The
specimen must be positioned flat in the holder.

(3)

Screw the sample holder plug into the sample holder body and tighten securely.

(4)

Place the largest of the O-rings in the groove on the outside of the sample holder body.

(5)

Screw the sample holder cap into the sample holder body and tighten firmly.

(6)

Place the smallest of the O-rings in the small hole on top of the sample holder body.
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(7)

Slide the electrode mounting rod, shown as Figure 5.5 (c), into the working electrode
glass holder, see Figure 5.5 (d). Add the flat Teflon washer, the flat washer and the
knurled thumb nut to the top of the electrode mounting rod.

(8)

Screw the electrode mounting rod into the sample holder body and tighten the knurled nut
on the top of the rod.

5.2.3. Selective Galvanostatic Dissolution
The selective galvanostatic electrochemical dissolution tests were performed under 10
mA and 20 mA DC current respectively, which was selected based on the data obtained from the
polarization results as described in the following section. The electrochemical galvanostatic
dissolution curves were measured and recorded using the Solartron 1287 interface
potentiostat/galvanostat controlled by the Solartron CorrWare software. All experiments were
performed at 25±2ºC. The reaction is as follows:
Oxidation − ( Anode) /// : − Zn − 2e → Zn 2+ −; − Fe − 2e → Fe 2+
Re duction − (Cathode) : −O2 + 2 H 2O + 4e → 4OH −

The sketch of the selective galvanostatic dissolution principle is shown in Figure 5.6 (a),
and the experimental data for 2 hours dissolution under 10 mA in Figure 5.6 (b). The dissolution
of the zinc coated stainless steel specimen started by dissolving the outside Zn layer, and then
began dissolving the Fe/Zn/Al inhibition layer until reaching the substrate 316L stainless steel.
It was proven by the experiments that the 10 mA constant DC current was not sufficient for
dissolving the coating, as shown in Figure 5.6(b). Therefore, strengthened selective dissolution
tests with constant 20 mA DC current were applied in order to accomplish the complete
galvanostatic plots down to the substrate. The full dissolution plot in Figure 5.7 (a) indicates that
the experimental data were in accordance with the theoretical principle shown in Figure 5.6 (a).
Determination of different phases from the dissolution curve was explored in detail, as shown in
Figure 5.7 (b). Three distinct plateaus corresponding to δ, Γ1 and Γ phases respectively were
observed, while the potential increased gradually from -1.035 V to -0.5 V as a function of time at
constant current density. Determination of different phases from the dissolution curve was
explored according to the referred standard “compositional and structural parameters of alloy
layer in hot-dip galvanizing” shown as Table 5.2. It was found that the potential of all three
phases are lower than that of pure Fe (-0.67V, vs. SCE), but higher than the value of pure Zn (-
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1.03V, vs. SCE). The first plateau in the potential range of -850 mV to -880 mV (vs. SCE)
corresponded to the uniform dissolution of the δ phase. The second plateau (in the potential
range of -830 mV to -790 mV, vs. SCE) was because of the presence of Γ1 phase. The third
plateau in the potential range between -740 mV and -770 mV (vs. SCE) was due to Γ phase. It
was observed that all the curves merged at a potential of -500 mV, which was the potential of the
bare steel in that electrolyte solution, considering iron ion activity [αFe2+]=10-6 mol/l during the
galvanostatic polarization.
Dendritic branches were detected by SEM, shown as Figure 5.8. Some boundaries
between spangles were also detected. A laminated microstructure was found at both high
magnification and low magnification. Combining the Figure 5.8 microstructure and Figure 5.9
compositional EDS spectra, a bright phase and a dark phase were found in the GI 2-hour coated
316L steel specimen after selective galvanostatic electrochemical dissolution by constant DC
current i = 10 mA/cm2 for 2 hrs. Those two phases varied in the chemical composition. In
detailed Figure 5.8 (b), the point 1 bright phase contained more Al and Zn than the point 2 dark
phase. Both phases contained elements of Fe and Cr.
In Figure 5.10, dross particles were found which could not be dissolved during the
polarization. Nano-scaled pins were also detected pervading at the laminated surfaces, which
were 6Zn(OH)2·ZnCl2, 4Zn(OH)2·ZnCl2, shown in Figure 5.11.

5.2.4. Anodic Potentiodynamic Polarization
The anodic potentiodynamic polarization, with scanning rate of 0.3 mV/s, was carried out
on the specimens coated by GI, GF, and AL. For the GI coated 316L samples, the polarization
began with a potential of -1.0 V (vs. OC), and ended with a potential at +1.0 V (vs. E0). For the
GF and AL coated 316L samples, the polarization began with a potential of -2.0 V (vs. OC), and
ended with a potential at +2.0 V (vs. E0). Electrochemical potentiodynamic polarization curves
were measured and recorded using a Solartron 1287 interface potentiostat/galvanostat controlled
by Solartron corrWare & multiStat software. All experiments are performed at 25±2℃.
Zero charged equilibrium potentials, the passivation range and the corresponding
corrosion currents, and the protective potentials for the three GI coated specimens are shown in
Figure 5.12. It was observed that all the curves merged at a potential, E0, with the value of 1.268 V for all dipping conditions, which was the zero charge potential during the dynamic
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polarization. This E0 value is comparable with the result which was achieved in the 0.5M
sodium sulphate solution [1]. Considering the passivation during the polarization process, it was
found that the longer the dipping time, the wider the passivation potential zone spanned, the
higher corrosion rate, representing penetration of the passive layer. The assumed reason was that
a long dipping time leads to a thick and porous coating layer. On the other hand, the short
dipping time resulted in an inhibition layer which was thin but comparatively dense, shown in
Figure 5.15 (b). In Figure 5.12, it was detected that the protective potential range was -830
mV ± 20 mV (vs. SCE) due to the galvanic action of Zn-Fe in delta (δ) phase. This conclusion
was proven by the fact that the potential for the formation of δ phase is -850 mV[2], as shown in
Figure 5.7 (b). The electrochemical reaction taking place across the substrate /coating interface
was confirmed by polarization. Dross phases were not dissolved during the polarization due to
their noble potential which the external applied polarization did not reach. Nanometer scaled
pins were also detected pervading at the laminated surfaces, which was 6Zn(OH)2·ZnCl2,
4Zn(OH)2·ZnCl2, shown in Figure 5.17 (b).
For the three GF coated specimens, shown in Figure 5.13(a), the value of the zero-charge
potential E0 was +1.0531 V, which remained constant for varying dipping times. This value was
2.268 V more positive than the E0 value of the GI specimens. The passivation was found from
the polarization plots shown in Figure 5.13(a), which covered a much narrower potential span
comparing with that of GI coated samples.
In Figure 5.13(b), the value of the zero-charge potential E0 was +0.7825 V in the case of
AL coated specimens, and this value did not change with the AL dipping time. The short
passivation zone was found to cover a much narrower potential span than that of the GI
specimens. Comparing the three E0 values from the GI, GF, and AL coated samples, it was
found that the E0 value of the GF specimens was 2.051 V more positive than that of the GI
specimens, and 0.2706 V more negative than that of the GF specimens.
Figure 5.14 summarizes the potentiodynamic polarization curves of 316L steel specimens
after dipping in the bath of GI, GF, and AL baths for various time durations. It was found that
due to the different surface processing of the specimens, the E0 value of GI was 2 V more
negative than that of the GF or AL. In addition, the GI specimen showed a wider passivation
zone than that of the GF or AL.
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The reason for the various E0 values among the GI, GF, and AL specimens is that the GF
and AL specimens contained more aluminum which was oxidized on the surface, leading to a
more noble equillibrium potential. The aluminum oxidation layer on the surface apparently
protected the sample from being attacked by NaCl solution during the polarization.
Additionally, aluminum has the strong tendency of self-passivation, and the passivated
aluminum (aluminum oxides) has a more noble E0 than zinc/zinc oxide.
An explanation for why GI specimens showed wider passivation zone than GF & AL
samples, is that the passive layer of GI samples is more stable than that of the GF and AL
samples. The protective nature of the passive layer of the GI samples was slightly influenced by
its thickness; while it was greatly influenced in GF and AL samples. Thus, a thinner Al passive
layer provides better protection.
Figure 5.16 shows the SEM morphology of the passive layers with deep and shallow
corrosion pits after the polarization tests on GI, GF, and AL specimens, respectively. The
coexistence of the passivation and pitting leads to the rough pits and mound surface morphology
found in Figure 5.16. The passive layer of the GI sample contains sporadical pits on its surface
(Figure 5.16a), as compared with GF and AL which display dispersed pits of different sizes
(Figure 5.16b&c). It was proposed that severe pitting of the tested specimens was mainly due to
intergranular corrosion at the grain boundary and thus prevented the passivation from fully
covering the substrate [3]. Since the dross particles present a noble potential, the dross phase
was exposed by the coating layer, which was etched away during polarization. The appearance of
these particles is shown in Figures 5.16 (d) and 5.18. Islands of dark gray dross particles could
be differentiated by their shape. Dross particles formed during aluminizing process are cube-like
and columnar, while the dross from the GI and GF processes appeared as crystalline hexahedron.
Dross could not cover the whole surface of the specimen because the Al concentration in the bath
at the surface of the remaining Fe-Zn layer is depleted by rapid formation of Fe2Al5Znx. On the
other hand, due to the salt solution electrolyte during the polarization, dross particles were
covered by nanometer scaled pin shaped phases, which were analyzed to be 6Zn(OH)2·ZnCl2 and
4Zn(OH)2·ZnCl2 as shown in Figure 5.16 (d). .
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5.2.5. Electrochemical Impedance Spectroscopy (EIS or AC Impedance)
EIS measurements were performed at open circuit potential applying a signal of
amplitude AC = 10 mV and 30 mA. Scanning frequency range was from 105 to 10-3 Hz. A
Solartron 1260 impedance gain-phase analyzer was applied, controlled by Solartron ZWare &
multiStat software. All the data were recorded 30 points per decade, averaged over 5 seconds at
each frequency. All experiments were performed at 25±2ºC.
Experimental data interpretation was performed based on the following principle. In
general, the high frequency part of the EIS plots characterized the coating layer, while the low
frequency reflected the behavior of the underlying metal in direct contact with the electrolyte at
the bottom of pores or at defects in the coating layer. The intermediate zinc containing layer in
the coated steels was studied using the EIS method, with a focus on evaluating the anticorrosive
performance of the coatings. [4, 5, 6, 7]
From the EIS plots shown in Figure 5.19, it was found that there were three well defined
time constants, as shown in the Nyquest plot shown in Figure 5.19 (a). Meanwhile, three time
constants were visible but less pronounced from the corresponding Bode plots shown in Figures
5.19 (b) and (d).
EIS confirms an electrochemical reaction taking place across the substrate/coating
interface. In Figure 5.20 and Figure 5.21, it was found that delamination of the coating occurred
during the polarization, with the 2 hour-GI specimen having too much delamination to detect the
characteristic peaks. Comparing the 24 hour-GI specimen with the 8 hour-GI specimen, it was
found that the 24 hour-GI specimen delaminated earlier. A possible reason was that the 24 hourGI specimen inhibition layer was thick but porous with more dross particles embedded. It was
also confirmed by potentiodynamic polarization and SEM microstructure shown in Figure 5.7.
From Figure 5.22 (a), it was found that two parts with different morphology were
separated by a clear boundary. This boundary proved that both complete coating dissolution and
the partial coating dissolution took place during the EIS process. A complex reaction product
layer consisting of zinc oxide, hydroxide, and 4Zn(OH)2·ZnCl2 was also detected by EDS on
zinc exposed to NaCl solution. In area 2, shown as Figures 5.22 (c) and (e), the zinc part
corroded more or less uniformly (deep pits are not observed in many cases) with development of
a thick and porous corrosion product layer with little passivation capacity. These white rust
scales were mainly composed of a zinc oxide, (EDS spectra typically to be 6Zn(OH)2·ZnCl2 and
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4Zn(OH)2·ZnCl2), which loosely attached and eventually detached from the steel substrate, as
shown in Figures 5.22 (c) and (d).

The hydroxide–chloride ones resulted from sample

interaction with the NaCl solution during EIS measurements. The oxide–hydroxide structure is
also confirmed by other authors [8, 9, 10, 11]. On the other hand, dross particles with different
sizes covered by ZnCl2 nanometer pins were characteristic of area 1, shown as Figures 5.22 (b)
and (d). Their chemical composition is shown in Figure 5.23. It is proven from the polarization
results that dross phases behave as a noble potential and resists dissolution by NaCl solution
even when applied at polarization as high as 1.5 V above E0. The images shown in Figure 5.23
were obtained after the AC impedance test without DC polarization. Therefore, dross particles
were found to be exposed on the sample surface where the original zinc matrix was etched away.
The impedance diagrams exhibited three clearly pronounced time constants, which were
not typical of a pure zinc electrode [12]. Each part was modeled by an equivalent circuit
consisting of one rethlogical resistance and one interfacial capacitance in series, both of which
are in parallel with the charge transfer resistance (Figure 5.24). Some discrepancy between the
experimental and calculated data at the low frequency end of the impedance diagram indicates a
change of state of the tested specimen. The fitting parameters are summarized in Table 5.8.
From Table 5.8, it is found that the coating capacitance (Cc) decreased with the scanning
frequency scanning, indicating that the double layer capacity along the interface was weakened.
This is due to the Zn dissolving process which increases the working distance of a charge
transfer. Additionally, the negative value in polarization resistance (Rp) with the extended testing
time indicates a passivation due to development of a thick corrosion product layer at the
electrode-electrolyte interface.

5.2.6. Data Interpretation and Mathematical Modeling
A variety of mathematical models have been proposed for zinc coated steel systems
tested in NaCl solutions. [13, 14] Those models together with the corresponding equivalent
circuits considered the resistance as a constant that was not affected by the applied frequency. In
this section, we apply the resistance with the interfacial rethlogical property. In other words, its
value is a function of the frequency at a certain frequency domain.
The full equivalent circuit of the EIS result is shown in Figure 5.24. It is composed of
three single circuits in series with the resistance Rs from the electrolyte solution. Each single
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circuit had R0 as the constant charge transfer resistance, parallel with the interface capacitance C
and the resistance R resulting from the interfacial rethlogical property[15], and thus a function of
the applied frequency. It is known that capacitance C is also a function of the frequency, with
the phase angle -90º.
RT is the whole system resistance:
1
1
1
=
+
"""""""""""""""""""" equ (5.1)
RT R0 R1 ( f ) − jC ( f )
The real part of RT :
ZR =

R0 ( R1 ( f ) R0 + R12 ( f ) + C 2 ( f ))
"""""""""""""""" equ (5.2)
R0 + R12 ( f ) + C 2 ( f )

− R0 2C ( f )
ZI =
""""""""""""""""""" equ (5.3)
( R0 + R1 ( f )) 2 + C 2 ( f )
K=
−

R ( f ) R0 + R12 ( f ) + C 2 ( f )
ZR
=− 1
""""""""""""""" equ (5.4)
ZI
R0C ( f )

R0 2C ( f )
= R0 2 + R12 ( f ) + 2 R0 R1 ( f ) + C 2 ( f )"""""""""""" equ (5.5)
ZI

Substitute equ(4) into equ (5):
R
R1 ( f ) = ( K + 0 )C ( f ) − R0 """""""""""""""""""" equ (5.6)
ZI
Substitute equ(6) into equ (4):
C( f ) =

R0 2
""""""""""""""""""""" equ (5.7)
R0 2
Z I [( K + ) + 1]
ZI

ZR and ZI are the real and imaginary parts of the impedance respectively, and K is slope of the ZR
- ZI plot. Therefore, both ZI and K could be read directly from the AC impedance plot. Solution
resistance Rs can be estimated from the real part of the high frequency data directly. The
estimation deviation will be reduced to a very low value under the modeling tolerance by
applying an iterative approach. The rough number R0 is estimated from the diameter of the
impedance circle in the EIS plot. R(f) and C(f) can be calculated iteratively by equations (5.6)
and (5.7) together with the EIS plots. Comparing the calculated data to the experimental plots,
the difference between those two curves would be deduced by optimizing the estimated value of
the charge transfer resistance R0. This method provides a way to approach the accurate value of
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the parameters till the calculation error is acceptable. Detailed data analysis process is explained
step by step as follows:
1.

Read ZI and K from testing data. ZR and ZI are the real parts and imaginary part of the
impedance respectively, and K is slope of the ZR - ZI plot.

2.

Estimate R0 value based on the circle diameter. Typically R0 value is roughly half of the
circle diameter.

3.

Calculate C(f) & R1(f) by using equations (5.6) and (5.7).

4.

Compare the calculated value with experimental data.

5.

Use the iterative method to approach the final value until the accuracy is acceptable.
It is noted that the first 20 test data need to be neglected during the data processing, due

to the charging effect.
Using the GI coated 316L stainless sample as an example, a mathematical model was
built and the data analysis was described as Figure 5.25. It is obvious that this EIS plot included
three circles which meant there are three different structures of the system interfaces or so-called
three time constants.
First, the initial value of RS and R01 were estimated as Rs=1.4, R01=10.67, and then C1(f)
and R1(f) were calculated and the calculation results were compared with the original
experimental data. Base on the comparison result, the original estimated Rs and R01 values were
optimized, and the above calculation process was interated after using the new optimized Rs and
R01 values. Comparing the new calculated results with the experimental data, Rs and R01 values
were re-estimated. By making the iterative procedure of calculating-comparing-estimating, the
final parameters were accurately achieved, gave Figures 5.25 (a), (b) and (c). It is worthy
mentioning that R was a function of frequency and the equation was expressed as R1(f)=a(f+b)–n.
When the frequency value was low enough (lower than the b value), the interface rheologic
behavior started to fade and the static friction behavior became dominant. The reliability and
standard deviation of the above calculation of the first circle are listed in the Tables 5.3 and 5.4.
Second, the fitted first circle was subtracted from the original data, and then the second
circle is ready to be modeled. The calculation method was the same with the first one, except
that the R2(f) value was close to zero. Neglecting the small value of R2, the calculated result was
straightforward, as shown in Figures 5.25 (d) and (e). The reliability and standard variance of
the above calculation of the second circle are listed in the Table 5.5.
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Finally, the last circle modeling was performed, based on subtracting the first two circles
from the original data. The specimen was immersed in the electrolyte solution for one hour
when the EIS scanned through the high frequency zone as well as the middle frequency zone.
Therefore, the initial state of the specimen changed, which led to the deviation of the tested data
in the low frequency zone and need to omit the experimental data from this zone. The calculation
of C3 and R3 is shown in Figure 5.25 (g) and (h); the reliability and standard deviation of the
modeling in this part are listed in the Tables 5.6 and 5.7. The complete EIS plot, together with
the modeled fittings of all three circles, is shown in Figure 5.25 (f).

5.2.7. Cyclic Voltammetry (CV)
Cyclic voltammetric (CV) provides information on the thermodynamics of the redox
processes and the kinetics of heterogeneous electron-transfer reactions, and on coupled chemical
reactions or adsorption processes. This technique was applied to measure the performance of
galvanizing coated steels in contact with a 5% NaCl solution. Surface and cross sectional images
of the passive film on zinc and its composition were examined with SEM and EDS, respectively.
CV experiments were carried out using a Solartron SI 1287 electrochemical interface equipped
with a computerized corrosion system (Solartron). The automatic “current interrupt” method
included in the Solartron operational software was employed to compensate for any undesired
ohmic (IR) drop caused mainly by the long distance between the working, reference, and counter
electrodes. In the “current interrupt” technique, the cell current is periodically turned off for a
short time period. With no current through the solution resistance, its IR drop disappears. The
potential drops at the electrode surface remain constant on a rapid time scale. The difference in
potential with the current flowing and without is a measure of the uncompensated IR drop. The
scan rate used was 20 mV s-1. All experiments are performed at 25±2ºC.
Typical CVs of galvanizing coated steels in contact with 5% NaCl solutions at pH 7 over
different potential ranges at a scan rate of 20 mV s-1 are shown in Figure 5.26 (a). When the
potential was cycled between -1.75 and -0.90 V vs SCE (Figure 5.26), two oxidation processes
labeled as A1 and A2, and two reduction processes labeled as C1 and C2, were observed on the
forward anodic and reverse cathodic scans, respectively. As discussed below, this process could
be attributed to the formation of a compact passive film on the surface of the Zn, and the
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predominant component of the film could be zinc hydroxychloride complexes as shown in [16,
17]:
Zn( s ) + Cl − + H 2O → Zn(OH )Cl( f ) + H + + 2e −
7 +Cl − + H 2O
Zn 5 (OH)8 Cl2(f)
Zn( s ) + xCl − ( ads.) → ZnCl42−−x ( sc ) + 2e−

( x = 1, 2,3, 4)

Zn( s ) + (4 − x)Cl − ( ads.) + xH 2O → Zn(OH ) x Cl42−−x ( sc ) + xH + + 2e −
Note: "s" solid; "f" film; "ads" adhension; "sc" surface-confined.
C1 was reduction peak of the passive film formed around A1 peak. C2 indicated the
surface confined species reduction conversions. It is theoretically and experimentally proven that
the current maximum of the reverse scan is trigged by the forward scan and is associated with a
nucleation and growth mechanism. Thus, the process A2 in Figure 5.26 (a) could involve pitting
corrosion related nucleation and growth. As a result, after the breakdown of passive films,
surface-confined corrosion products, such as those described in the following equations, were
possibly formed on the surface of the electrode
Zn( s ) + xCl − ( ads.) → ZnClx2− x ( sc ) + 2e − ( x = 1, 2,3, 4)
Zn( s ) + xH 2O + (4 − x)Cl − ( ads.) → Zn(OH ) x Cl42−−x ( sc ) + xH + + 2e −
Note: "sc" refers to surface-confined.

Small amounts of surface-confined corrosion products may slowly dissolve and diffuse
into the bulk electrolyte solution, and the overall process of A2 may also include the local anodic
dissolution of Zn.
Close inspection of the two reduction processes C2 and C1 on the reverse scan of Figure.
5.26 (a) revealed that the peak widths at half-height of the voltammetric responses in both cases
were much smaller than that of characteristic diffusion-controlled redox process [18]. This
strongly suggested that these two processes were associated with the surface-confined to surfaceconfined species reduction conversions. Note that the reduction process associated with process
C2 can be very complicated, in which different species such as Zn+ could be involved.
Furthermore, along with the redox reactions, local pH changes of the electrode surface were
expected, particularly when the bulk electrolyte was not buffered and the solution was not
agitated, as in the this case. As a result, any further interpretation based only on CV data would
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be unwise. Additional measurements, using for example, electrochemical noise (EN) analysis
could be performed in order to further detect and monitor the reaction.
The inset of “surface image” in Figure 5.26 (b) shows the typical surface morphology
obtained CV. .No deep pitting was observed on the surface of zinc. There were, however, some
regions of shallow pitted areas with a thin film of zinc hydroxychloride type complexes capping
the pitted area. The EDS analysis showed that the passive film contained zinc, oxygen, and
chloride elements, which was consistent with the formation of zinc hydroxychloride on the zinc
surface during the passivation process as proposed in the previous discussed polarization section.
Microcrystallines of corrosion products were also present in Figure 5.26 (c).

5.2.8. Electrochemical Noise Analysis (ENA) - Power Spectral Density (PSD)
A survey of the literature indicates that the nature and mechanism of anodic dissolution
of Zn is agreed upon; however, passivation and reactivation are still the subjects of debate. It is
generally believed that the dissolution-passivation of Zn involves a number of intermediate
species as illustrated in several proposed schemes [19, 20, 21]. Cl- can react with Zn+ and Zn2+
to form various species such as soluble ZnCl2-, ZnCl2, and surface-confined β-ZnOHCl that leads
to the formation of the main corrosion product of zinc hydroxychloride, Zn5(OH)8Cl2 [22, 23, 24,
25]. PSD is the common approach used in corrosion monitoring. Electrochemical noise (EN)
data can be obtained as fluctuations of I at an applied E (potentiostatic electrochemical test). The
EN data were analyzed in the time and frequency domains. Analysis of EN data in the time
domain resulted in values of the mean current Icoup of the coupled electrodes. Fast Fourier
Transform (FFT) was used to convert the EN data from the time domain to the frequency
domain. The slopes and intercepts of the PSD plots of the current fluctuations were obtained.
The characteristic peaks were also expected in the frequency domain. [26]
Figure 5.27 shows the PSD data obtained at the open circuit (OC). Random fluctuation
in the time domain were detected. After the FFT conversion, the frequency domain plot was
found to be composed of two straight lines. Below the frequency 0.3 Hz, it was linear with a
slope value of -0.8391. Above 0.3 Hz, the noise stayed constant and hence contained no useful
information.

Applying the external polarization -0.8 V, which is the critical point of the

activation – passivation transformation, the CV plot in Figure 5.28 (b) had one peak at the high
frequency value 2 Hz in the frequency domain. This peak corresponded to the preferred even
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frequency, which depends on the applied potential E (-0.8 V). Also, the E value agreed with the
protective potential (-0.83V) due to the δ phase (FeZn7/Fe/Zn10). The peak could be attributed to
the dominant event yielding current within the localized pits/crevices.

When the external

polarization was increased to -0.2V, which is the critical point of the passivation – reactivation
transformation, the CV response behaved differently, as shown in Figure 5.29. The peak was
located at the frequency value 3 Hz. It is noted that E0 for stainless (vs. SCE) was -0.25 V.
Therefore, this peak represented the dominant event happening between the stainless and
solution interface. PDS data are in accordance with potentiodynamic polarization results.

5.3. High Temperature Electrochemical Test
In this section, lab-scale in-situ high temperature electromotive force (EMF) and high
temperature electrochemical tests using an Al concentration cell are used to explore the
mechanisms of molten zinc/aluminum corrosion and dross formation in GI processes. The
objective is to explore the nature of dross by determining its nucleation-phase transformation and
stability domains in molten Zn bath as functions of working temperature (T) and immersion time
(t). Mathematical models of molten metal corrosion will be developed based on this
understanding of the dross phase. The present study also evaluates the electrochemical corrosion
behavior of Fe-Al containing small amount of zinc intermetallic dross particles.
Four experimental methods are applied: (1) electromotive force (EMF), (2)
electrochemical impedance spectroscopy (EIS), (3) potentiodynamic and galvanodynamic
polarization, and (4) cyclic voltammetry (CV). Details are to be introduced in the following
sections.
A literature survey shows that few studies have been made from the thermochemical
view point of the phase stability of the ternary intermetallic compounds, so-called “dross”
phases. Some work has been done on the development of a zinc sensor used in the antimonyzinc alloys [27], and a molten chloride electrolyte [KCl-LiCl-ZnCl2]liquid was used to measure the
activity of zinc in the antimony-zinc system. However, the same approach can not be used to
measure the activity of antimony in zinc-antimony alloys because antimony chloride (as well as
other halides) will vaporize at the galvanization temperature [28]. An oxide-ion conducting
electrolyte with an antimony oxide auxiliary electrode has been used to measure the activity of
antimony in antimony-tellurium alloys [29].
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Some reports describe Al sensors used to detect the aluminum content in a Zn-Al bath.
The current Al sensor designed for the research in this dissertation measures the electromotive
force (EMF) by determining the activity of aluminum in the molten zinc. The electrolyte is
originally selected as the (KCl+NaCl) liquid [30, 31], and then is improved as the eutectic
mixture of MgCl2-NaCl-KCl (liquid state as molten salt), with the addition of 2-5 mol.%
AlCl3(liquid). [32] Using the same principle, an Al sensor has been developed using a mixture
of NaCl-AlCl3 (liquid) saturated with NaCl (solid) as the electrolyte. [33, 34, 35] Nevertheless,
the disposable and limited life is one of the detrimental factors of such a type of sensor design,
because of the reaction of AlCl3 with moisture or evaporation of AlCl3 during the usage. Hence,
improvement of the molten chloride electrolyte based sensor to extend their lifetime is desired.
In addition, the current design requires a beta-alumina solid electrolyte tube inserted into the
NaCl-AlCl3 (liquid) saturated with NaCl (solid) electrolyte to prevent diffusion of ZnCl2 (liquid)
to the reference electrode. This complicates the sensor design, since an outer tube is still
required to contain the NaCl-AlCl3 (liquid) saturated with NaCl (solid) electrolyte, makes it
practically impossible to contain sufficient molten salt electrolyte so as to run the sensor for a
long time. Moreover, considering that the total volume of Al sensor could not be manufactured
too big to surpass space restrictions of users, the amount of the molten chloride electrolyte used
in the sensor is very limited.
The high temperature electrochemical tests described in this section were designed to use
seven times the amount of molten chloride electrolyte used in a conventional Al sensor. The
greater supply of electrolyte facilitates ion transfer during the reaction, thus permitting sufficient
time to detect the electrochemical and EMF behavior as the high temperature experiment runs.

5.3.1. Testing Materials
Zn melts of about 2 kg, with 0.22 wt Al%, were prepared in a graphite crucible to obtain
a clean GI bath without Fe contamination. High grade zinc ingots supplied by Metaullics
Systems (Division of Pyrotek Inc.) were used to prepare the zinc bath. An Mother alloy Zn-5
wt%Al, supplied by Wheeling Nisshin Co, was added to the bath as an Al source. AR grade
super high purity (99.999%) Al rods were used as the reference electrodes. The working
electrode is 316L stainless wire. The surface of the 316L stainless wire was mechanically
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polished with sand paper to 800 grit, and then rinsed with distilled water before the experiments
started.
The electrolyte is a hypoeutectic mixture of sodium chloride and hydrous aluminum
chloride NaCl-AlCl3 (liquid) saturated with sodium chloride NaCl (solid).

Based on the

thermodynamic properties and the phase diagram NaCl-AlCl3 (in Figure 5.30), the mole fraction
was chosen as 28.2%AlCl3 – 72.8%NaCl [36, 37, 38, 39, 40]. Since AlCl3 evaporates easily, the
vapor pressure at the experimental temperature was controlled to ensure the above composition
works well as an ion conductor [41, 42]. Both the sodium chloride and hydrous aluminum
chloride are AR grade pure, and the total mass of salt electrolyte was 1157.45 grams, determined
by the size of the graphite crucible used for the tests. Although aluminum chloride is very
volatile, it was established that during the experiment, sufficient AlCl3 remained as the
electrolyte to keep the potential steady.
β – Alumina was used in the experiment as the solid electrolyte due to its layered crystal
structure, which makes it an excellent ion conductor that is stable in corrosive, reducing and
oxidative environments. The formula of beta alumina is ( Na2O)1+ x ⋅11Al2O3 , and it is never
stoichiometric as prepared. One of the applications of beta alumina is as a sodium conducting
membrane to transfer sodium ions. The lattice structure of β – Alumina is stacked according to a
twofold screw axis, contains a mirror plane through the layers of mobile cations that result in a
hexagonal crystal structure [43]. Ionic diffusion occurs exclusively within the open planes
perpendicular to the unique c axis.

Because of these properties, it is ideal for many

electrochemical applications, especially as a solid electrolyte at high temperatures.

The

antimony sensor is developed by using β – Alumina, even though β – Alumina is not an Sb ion
conductor and Sb could not be doped onto β – Alumina. The Sb sensor has NaSbO3 (solid)
added to the electrode, so the equilibrium between Sb and oxygen in the alloy establishes sodium
activity [44, 45]. A similar measuring mechanism was used in this dissertation research as will
be explained in detail in the following sections. Typically if the level of the Cl- is sufficient
enough to be regarded as constant, the sodium activity and, thus the cell voltage for a sodium ion
conducting electrolyte, will be fixed by the Al activity. The whole block of pure β – Alumina
raw materials were machined down to a cup by using a pair of custom-designed core drills. The
wall thickness of the β – Alumina cup was 18 mm and the length is 155 mm. An image of the β
– Alumina is shown in Figure 5.32(a).
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5.3.2. Experimental Design and Equipment
The overall testing setup is shown in Figure 5.31. The current design optimized the past
experimental setup that was specially designed for steel corrosion characterization in a lead bath
[46] by adding two crucibles for molten metal and molten salt respectively. Instead of using He
plus H2, Ar was used as a protective atmosphere to purge into the system. The high temperature
in-situ electrochemical corrosion tests were carried out by using the experimental system
composed of three parts, namely a high temperature heating system, an electrochemical
controller, and a data processing unit. The heating system included a vacuum tube furnace
(Figure 5.31d), an argon gas supplier (Figure 5.31f), a vacuum pump, and the power controller as
well as the temperature controller (Figure 5.31e). The vacuum vertical tube furnace included
mainly a graphite crucible and lid (Figure 5.33c), a β-alumina cup (Figure 5.32a), and a type K
thermocouple with its protective alumina sleeves. The crucible lid was equipped with holes for
the working electrode (WE), reference electrode (RE), as well as the thermocouple (Type K).
The graphite crucible was filled with the electrolyte (solid NaCl saturated NaCl + AlCl3 molten
salt) and the β-alumina cup which sat in the center. The 316L stainless specimen inserted in the
GI bath was the working electrode (WE), shown as Figure 5.32b; while the pure aluminum
(99.999%) was reference electrode (RE), shown as Figure 5.32c. Pure tungsten (Figure 5.32d)
was used as the electron leads, which did not react with any element in the experimental system
during the tests, which ran at temperatures as high as 900ºF. The 316L WE was put inside the GI
bath in the β-alumina cup.

The pure aluminum RE was immersed inside the molten salt

electrolyte outside of the β-alumina cup but within the graphite crucible. The furnace was
connected with a vacuum pump and an argon gas purge tube to prevent oxidation. The electrode
feed-through for electronic signal input-output was installed by press fittings on top of the
furnace. The schematic drawing of the whole furnace setup sideview and topview is shown in
Figures 5.33 (a) and (b). The images of the separate parts are listed in Figure 5.32.
A Solartron 1287 interface potentiostat/galvanostat connected with a Solartron 1260
impedance/ gain-phase analyzer (Figure 5.31a) was used for signaling and data recording. The
experimental data (Figure 5.31c) were analyzed by Solartron CorrWare, Zplot and MultiStat
software (Figure 5.31g). A laptop computer (Figure 5.31b) was used to control the whole
system. All experiments were performed at temperatures ranging from 830ºF to 900ºF. Four
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experimental methods were applied: (1) electromotive force (EMF), (2) electrochemical
impedance spectroscopy (EIS), (3) potentiodynamic and galvanodynamic polarization, and (4)
cyclic voltammetry (CV).

5.3.3. Experimental Procedure
The following is the operating procedure for the testing process.
1)

Pure zinc pickling to remove the oxides. The zinc and zinc-5%aluminum alloy pieces are
weighed before adding them to the beta-alumina cup.

2)

Insert the stainless steel wire (WE) and a K type thermocouple (TC) through the marinite
lid into the pieces of pure zinc and zinc-5%aluminum alloy sitting in the beta-alumina
cup. Place the beta-alumina cup in the center of the graphite crucible.

3)

Insert two bent aluminum rods as RE, which circle around the beta-alumina cup. AlCl3
and NaCl (composition is calculated) is used to fill up the space between alumina cup and
graphite crucible.

4)

Cover the crucible with marinate lid. Wire the WE and RE with the feed-through
terminals inside.

5)

Place the furnace lid back to cover the tube furnace and bolt up those two parts.

6)

Connect the feed-through bits outside with Solartron (WE & RE). Hook up the TCs with
Temperature-Power controller box.

7)

Check the vacuum for leaks. Check the Ar gas pressure/amount and leakage.

8)

Evacuate the sealed chamber to a vacuum of 1 × 102 Pa and then refill with purified Ar
gas to 1 × 105 Pa (1 atm or 15 psi).

9)

Following evacuation and refilling, heat the furnace chamber to 870ºF (465ºC) at a rate of
10ºF per minute. Start to detect the potential with no current input (i=10E-10A)

10)

Stabilize the whole system at 870ºF for 120 minutes (literature 60-90 mins) to melt the
Zn-Al and AlCl3-NaCl after establishment of equilibrium.

11)

Do quick EIS at open circuit potential (10E5 Hz to 10E01 Hz). Then stay at this
temperature and do EMF – time plots.

12)

Increase temperature from 870 ºF to 900 ºF and do EIS at open circuit potential(10E5 Hz
to 10E01 Hz), and then measure EMF for 30 mins.
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13)

Increase temperature from 900 ºF to 930 ºF and do EIS at open circuit potential(10E5 Hz
to 10E01 Hz), and then measure EMF for 30 mins.

14)

Increase temperature from 930 ºF to 960 ºF and do EIS at open circuit potential(10E5 Hz
to 10E01 Hz), and then measure EMF potential for 30 mins.

15)

Decrease temperature from 960 ºF to 850 ºF and do EIS at open circuit potential(10E5 Hz
to 10E01 Hz), and then measure EMF potential for 30 mins.

16)

Decrease temperature from 860 ºF to 830 ºF and do EIS at open circuit potential(10E5 Hz
to 10E01 Hz), and then measure EMF potential for 30 mins.

17)

Increase temperature from 830 ºF to 870 ºF and do a potential polarization curve
(scanning potential from 0.22 V to 1.78 V, scanning rate is 0.5 mV/s).

18)

Remove the Solartron. Lift up the furnace cover with TC. Disconnect the feedthrough
with marinate lid. Remove the marinite lid with stainless wire (WE) and two Al rods
(RE) and ceramic tube (which is used to protect TC).

19)

Remove the beta-alumina cup from the molten AlCl3-NaCl salt. Pour out the molten zinc
followed by putting it upside down to clear any remaining molten zinc.

20)

Remove the crucible with molten salt from the furnace. Pour out the molten salt followed
by putting it upside down to clear molten salt.

21)

Put a stainless plate or tray back into the furnace and then put the beta-alumina cup back
on this stainless tray.

22)

Cover the furnace so that the TC (which is mounted in the furnace lid) can detect the
furnace PV temperature. Increase SP to 870 ºF for 60 mins.

23)

Reduce SV to stabilized 700 ºF→600 ºF→500 ºF→400 ºF→300 ºF→200 ºF→70ºF
(room temp).

24)

Uncover the furnace to remove the beta-cup and clean it with acid.
Note that the cell contains two reference electrodes, and thus the measurements are

duplicated. After the experiment is finished, the 316L sample is taken out, and a cross-section of
the rods is cut at the dross line using EDM. The sections are then mounted and polished for
analysis with SEM and EDS.
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5.3.4. Microstructure Morphology
Microscopy and chemical composition analysis were carried out after the high
temperature electrochemical tests were finished. Figure 5.34 shows the cross sectional interface
micrograph of 316L steels dipping in GI bath after (AlCl3-NaCl) molten salt based EMF test at
890ºF. The interface was examined under both low magnification and high magnification. EDS
spectra indicated the existence of dross shown in Figure 5.35. The Fe2Al5Znx phase was closely
attached to the 316L base and was surrounded by the Fe-Zn phase, shown in Figure 5.36. This
result is consistent with the previous high temperature static dipping corrosion tests in the GI
bath discussed in Chapter 3.

5.3.5. Electromotive Force (EMF)
EMF has been used in many molten metal research studies such as liquid Li-Sn system
[47]. In this section, by employing the in-situ electromotive force (EMF) method using an Al
concentration cell, the chemical potential of Al( μ Al ) in the galvanizing bath, coexisting with
solid dross phase, can be experimentally determined as a function of temperature (T). The
potential diagram can be estimated to illustrate the nucleation and stability domains of the dross
phase in the molten Zn bath as functions of working temperature (T) and immersion time (t).
Most of the reaction kinetics of dross nucleation are categorized as a heterogeneous precipitation
and phase transformation, which are controlled, to a large extent, by the supersaturation. Based
on the established EMF – T and EMF – t plots, it was possible to determine the critical
supersaturation boundary (CSB) for dross nucleation and phase transformation and therefore
experimentally evaluate and illustrate the behaviors of dross.
During the EMF tests, 316L stainless steel dipped in liquid Zn-0.22 wt% Al was the
working electrode, while aluminum with 99.999% purity was the reference electrode. The
electrolyte was (NaCl + AlCl3) molten salt saturated solid NaCl.
Figures 5.37(a1) is a plot of EMF response to temperature changes in the (AlCl3-NaCl)
molten salt based (316L + molten Zn-0.22Al) system. The data were recorded while stepwise
decreasing the system temperature. It was found that during the rapid temperature drops, the
corresponding EMF value dropped abruptly, as shown in Figure 5.37(a1). The temperature
decrease caused more Al transfer from liquid phase to solid phase, which resulted in the drop of
the EMF value. Similarly, adding more Al to the whole testing system raised the Al content in
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the solid phase, and therefore, reduced the EMF as shown in Figure 5.37(a2) [28]. The plots
proved that the effect from the temperature declining and the effect from the extra Al additions
are comparable.
Dr. Shu Yamagushi et al. studied the Fe-Zn and Fe-Al phase transformation by using Al
sensor in GI bath [34], and found the linear relationship of EMF value with the applied
temperature, as shown in Figures 5.37(b2) and 5.37(c2).
( A) : FeZn13 (ζ ) = FeAl7 (δ ) + 6 Zn( L)

E / V = −0.7736 + 1.182 × (T /103 K )

( B) : 2 FeZn7 (δ ) + 5 Al ( L) = Fe2 Al5 + 14 Zn( L)

E / V = −0.0638 + 0.2019 × (T /103 K )

(C ) : 3Fe2 Al5 + 3 Al ( L) = 6 FeAl3

E / V = −0.0758 + 0.1559 × (T /103 K )

Instead of using small size of Al sensors to detect Fe-Zn-Al system, this paper applied
316L stainless steel specimens, taking the Cr content from 316L as a consideration. Detailed
linear fittings of the EMF – temperature curves are plotted in Figures 5.37(b1) and 5.37(c1). The
goal is to determine the temperature dependence of EMF by the phase transformation.
From experimental results obtained from Fe-Zn-Al-Cr system, it was indicated that the
reactions (A’) (B’) (C’) took place by the linear equation:
Reaction A’ (red line in Figure 5.37b1): E / V = −0.7043 + 1.2058 × (T /103 K )
Reaction B’ (blue line in Figure 5.37c1): E / V = −0.1346 + 0.3906 × (T /103 K )
Reaction C’ (black line in Figure 5.37c1): E / V = −0.1636 + 0.1762 × (T /103 K )
The high Cr content of the 316L sample largely influenced the EMF performances by
shifting line A (Figure 5.37 b2) to line A’ (Figure 5.37 b1), line B to line B’, and line C to line
C’. Figure 5.37(d1) shows a schematic 3D view of the liquid phase in the quaternary Fe-Zn-AlCr system at 450°C [48].

In this figure, the liquidus surfaces are drawn according to

experimental analysis of the liquid phase. It is formed by a succession of surfaces related to the
composition of the liquid phase in equilibrium with intermetallics. Intersections between two
surfaces describe the extremity of three-phased domains lying on the tri-phased domains in the
ternary systems. The liquid phase is seen to be in equilibrium with the ζ-FeZn13, CrZn17, Fe2Al5,
Al2Cr3 intermetallic compounds and with τ1 and δ1 continuous solid solution. In addition,
researchers at Tech Cominco explored the Zn-rich corner of the Zn-Fe-Cr ternary system, shown
as Figure 5.37(d2) [49]. It can be seen that, depending on the composition, the liquid is in
equilibrium with either the ζ-FeZn13 phase or the CrZn17 phase. Therefore, the phase
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transformation phenomenon, considering the Cr addition to the GI system, is more complicated
than that executed in the Fe-Zn-Al system. EMF value, which is dependent on the chemical
activity of Al in the liquid, is in equilibrium with both Fe2Al5 and Al2Cr3. Hence, EMF value is
also influence by the Cr content in the studied system.
Figure 5.38 shows the plots of EMF response to the testing time extension for the (AlCl3NaCl) molten salt based (316L + molten Zn-0.22Al) system. This procedure was used in order
to determine the time dependence of EMF for the above reactions at a fixed temperature. The
emphasis was put on determining the exact times when the dross phase nucleated and when the
dross phase transformation occurred. It was indicated that after the incubation period of 4000
seconds (67 minutes), the reaction (A’) took place and dross precipitate as the stabilized phase.
It is well known that most of the reaction kinetics of dross nucleation is categorized as
heterogeneous precipitation and phase transformation, proceeded by supersaturation.

The

domain before 4000 seconds was regarded as the time duration needed to break down the oxide
layer attached to the surface of the 316L specimen. The EMF value kept nearly constant with
some fluctuation till 7000 seconds (117 minutes) when another phase transformation reaction
(B’) happened. From then on, dross particles with a small amount of diffused Zn suspended in
the GI bath.

5.3.6. Potentiodynamic and Galvanodynamic Polarization
The anodic potentiodynamic and galvanodynamic polarization, with a scanning rate of
0.5 mV/s and 0.625 mA/s respectively, were carried out on the (AlCl3-NaCl) molten salt based
(316L + molten Zn-0.22Al) system. Anodic potentiodynamic polarization was carried out at
temperatures of 850 ºF and 890 ºF respectively. The polarization began with a potential of -0.22
V (vs. OC), and ended with a potential at +1.78 V (vs. E0). For the anodic galvanodynamic
polarization, the polarization began with a current of -0.50 A and ended with a current at +1.0 A
at 910 ºF. Electrochemical potentiodynamic polarization curves were measured and recorded
using Solartron 1287 interface potentiostat/galvanostat controlled by Solartron corrWare &
multiStat software.
Figures 5.39 and 5.40 show the electrochemical polarization results obtained by applying
both potentiodynamic and galvanodynamic polarization. Base on the polarization curves, shown
in Figure 5.39, the exchange current density (icorr) was calculated by combining the Tafel lines.
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The amount of the transferred electrons (n) in the dominating step of the redox couple was also
deduced as well [50]. Assuming the transport coefficients (α and β) of the reduction and
oxidation are approximately 0.5, the calculated results of icorr values are as follows.
870ºF: Ecorr = 0.231 V; icorr = 10 -1.590 A; na = 0.212
900ºF: Ecorr = 0.195 V; icorr = 10 -1.342 A; na = 0.221
930ºF: Ecorr = 0.261 V; icorr = 10 -1.240 A; na = 0.22
Where Ecorr is the zero charge potential and na is the charge transfer number in the
anodic process. Comparing the icorr value at different temperatures shows that icorr increases with
temperature, which means that temperature accelerates the reaction rate in the tested system. As
mentioned in the EMF section, the polarization system utilized the Al concentration cell concept,
involving oxidation of pure Al in the anode and reduction of aluminum cations in the cathode.
The formulas of the anodic and cathodic reactions are written as:
Anode:
Cathode:

Al – 3e = Al3+

(a)

Al3+ + 3e = Al

(b)

Anodic reaction is a single step process, so na should be close to 3. However, during the
oxidation of Al in molten salt of (NaCl+AlCl3), the na does not match the “triple electron
transfer” theory. Instead, as indicated in Figure 5.39, the value of na is calculated as 0.25 (or
1/4). One can propose that there might be “quarter electron transfer” phenomenon during the
electrochemical process. During the anodic reaction, when the sodium anion reached the surface
of the Al electrode, multiply charged metal aromatic clusters could be formed, NaAl4, and then
lost electrons to form stabilized Al cations. The existence of the stable group of metal clusters,
such as NaAl4, NaGa4 and NaIn4, has been proven by both experimental results and other
theoretical calculations [51, 52]. Combined experimental and theoretical studies [53, 54] have
demonstrated that these species are not only stable but they exhibit near-square planar forms so
that when Na+ is bound to them, square pyramidal C4v structures are obtained for NaAl4, NaGa4,
and NaIn4. While multiplye charged main-group cluster anions have been known in aqueous
solution, they are also constituents of solids. The determinant step of the anodic process can be
expressed as:
Na+ + 4Al – e = NaAl4

(c)

Regardless of the various temperatures, namely 870ºF, 900ºF, 930ºF, all the calculated
results of na value are close to 0.25 (1/4e-). Considering the error of the transport coefficient, this
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result is in accordance with the experimental data. Since the determinant sub-step could be
expressed as equation (c), the phenomena can be named as “quarter – electron transfer” (1/4e-).
The above analysis and calculations show that the anodic reaction doesn’t have to be a singlestep process, i.e., there are multiple sub-steps involved and complex cations, including NaAl4,
exist in the systems.
In Figure 5.40, a characteristic peak was found at the potential value equal to 1.0 volt.
The same phenomenon was observed in the galvanodynamic polarization plot. At the point of
1.0 volt, the huge curvature in the semi-logarithmic graph indicates that the resistance of the
whole system transformed from the positive to the negative, and then bounced back to positive.
This corresponds to formation a phase with more noble potential.

The system in this

environment carried a small current at that moment solely due to the ohmic gain, which
effectively masked the other possible reactions at the high index. This finding contradicts the
polarization results obtained from the system with H2, CO, CO2|Ni electrodes in the molten
sodium carbonate at high temperature, in which the anodic polarization current is as high as
10E3 [55, 56, 57]. From the room temperature electrochemical experimental results, it was
proven that the dross phase has much more noble potential value than the steel substrate and the
zinc coating. Therefore, the high temperature electrochemical polarization curves were assumed
to characterize the dross formation during the external polarization.

5.3.7. Cyclic Voltammetry
Besides the polarization described above, cyclic Voltammetry (CV) was also applied to
the (AlCl3-NaCl) molten salt based (316L+molten Zn-0.22Al) electrochemistry system, shown in
Figure 5.41. Cyclic voltammetric (CV) experiments were carried out using a Solartron SI 1287
electrochemical interface equipped with a computerized corrosion system (Solartron). The
automatic “current interrupt” method included in the Solartron operational software was
employed to compensate for any undesired ohmic (IR) drop caused by the distance between the
working, reference, and counter electrodes. In the “current interrupt” technique, the cell current
is periodically turned off for a short time period. With no current through the solution resistance,
the IR drop disappears. The potential drops at the electrode surface remains constant on a rapid
time scale. The difference in potential with the current flowing and without is a measure of the
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uncompensated IR drop. The scanning potential range was between -0.60 V and +0.40V (vs
SCE). The scanning rate was 50 mV s-1. The experiment was running at 900 ºF.
The CV plots provide information on the thermodynamics of redox processes and the
kinetics of heterogeneous electron-transfer reactions, and on coupled chemical reactions or
adsorption processes. In Figure 5.41 plots, C1 indicated the reduction process on the forward
(anodic) scan. An electroactive entity, probably AlCl4-, starts to reduce at -0.45 V/Al. The high
negative overpotential for Al evolution is largely due to the energy required to initiate nucleation
while the negative on-set of stripping is traced to unstable structure of the deposit, typically dross
phases.

5.3.8. Electrochemical Impedance Spectroscopy (EIS or AC Impedance)
EIS measurements were performed by applying an AC signal of amplitude (AC=20 mV)
with and without external DC polarization (DC=500 mV). The scanning frequency range used
was from 106 to 10-1 Hz. A Solartron 1260 impedance gain-phase analyzer controlled by
Solartron ZWare & multiStat software was applied. All the data were recorded 30 points per
decade, averaged over 5 seconds at each frequency. All experiments were run at temperatures
ranging from 850 ºF to 960 ºF.
All the EIS data are plotted in Figure 5.42. An influence of the external DC polarization
is clear by comparing the six EIS curves. Typically, applying DC polarization decreased the
value of the ZF, shifting the EIS curves towards the negative direction of the ZF axis. Since ZF
was mainly determined by the value of the constant charge transfer resistance, the external DC
polarization accelerated the whole cell reaction rate by reducing the value of the charge transfer
resistance (or so-called electrode reaction resistance).
The development of more than one time constant is deduced from inspection of the EIS
spectra, shown in Figure 5.43. The result reflects the diversity of phenomena that occur in the
systems under investigation. The EIS plot is divided into three zones: (i) inductance in the high
frequency zone, shown as area 2, (ii) capacitance in the middle frequency zone, shown as area 1,
and (iii) the Warburg resistance in the low frequency zone, shown as area 3. After the linear fit,
it was found that data in area 3 fit the straight line with slope very close to 1, which implies a
standard Warburg resistance determined by the system diffusion.
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5.3.9. Data Interpretation and Discussion
The impedance diagrams exhibited three clearly pronounced time constants, and the
corresponding equivalent circuit is modeled in Figure 5.44, which was quite different from the
room temperature EIS plot and equivalent circuit (Figures 5.24 and 5.25).

RT is the whole system resistance:
1
1
1
=
+
""""""""""""""""""""" equ (5.8)
RT R0 R1 ( f ) − jC ( f )
The real part of RT :
Z R = RS +

RL ⋅ L2 ( f )
""""""""""""""""""""""" equ (5.9)
RL 2 + L2 ( f )

RL 2 ⋅ L( f )
ZI = 2
"""""""""""""""""""""""" equ (5.10)
RL + L2 ( f )
K=

Z R − RL L( f )
""""""""""""""""""""""" equ (5.11)
=
ZI
RL

The value of RS is estimated from high frequency impedance real part.
Substitute equ(4) into equ (2) and (3):
L( f ) = Z I ⋅ (1 + K 2 )"""""""""""""""""""""""" equ (5.12)
RL = ( Z R − RS ) ⋅ (1 + K −2 )"""""""""""""""""""""" equ (5.13)
R1 ( f ) = ( K +

R0
)C ( f ) − R0 """"""""""""""""""""" equ (5.14)
ZI

RP = intercept − RS
The equivalent circuit that was used to interpretate the EIS data generated at high temperature,
was composed of three parts in series. First, one resistance RL, caused by the solid dross phase
grains during the Al evolution, was in parallel with one inductance L, which came from the ion
transferring along the grain boundary of the solid phase deposit. Secondly, one rethlogical
resistance R(f), together with one interfacial capacitance C(f) and one Warburg resistance RW in
series, were in parallel with the charge transfer resistance RF. Thirdly, one resistance Rs was
resulted from the molten salt electrolyte. It is noted that the Warburg resistance was caused by
diffusion of the reaction ions. Some discrepancy between the experimental and calculated data
at the low frequency end of the impedance diagram indicates a change of state of the tested
specimen. The fitting parameters are summarized in Table 5.9.
ZR and ZI are the real part and imaginary parts of the impedance respectively, and K is
the slope of the ZR - ZI plot. Therefore, the values of ZR, ZI and K could be read directly from
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the AC impedance plot. The RS value was estimated from the real part impedance data obtained
at the high frequency. The estimation error will be reduced to within the modeling tolerance by
using an iterative approach. The detailed data analysis process is explained step by step as
follows:
First, the value of the Warburg resistance Rw was calculated using the low frequency
data. The intercept, as Figure 5.45 (b) showed, was equal to 7.80778/1.01031 = 7.73. Therefore,
the formula of Rw could be expressed as RW = 10−0.570 ⋅ f −0.348 − j10−0.564 ⋅ f −0.345 , shown in Figures

5.45 (c) and (d).
Secondly, the high frequency data were analyzed after the low frequency data were
analyzed. The RS value was estimated from the real part impedance data obtained at the high
frequency, i.e. RS = 5.39. The value of inductance L and resistance RL, which were caused by
the solid electrolyte β – alumina, was calculated by applying equations (5.12) and (5.13), both of
which were derived from equations (5.8) to (5.11). The results are: L = 10−5.415 ⋅ f 1.023 and RL =
32. The calculation results are shown in Figures 5.45 (e) and (f).
Finally, the last circle in the mid frequency domain was estimated by subtracting the
above two parts (high frequency data as well as low frequency data) from the original data. The
calculation method was the same as in the previous discussion. C(f) and R(f) fittings were
indicated in Figures from 5.45 (g) to 5.45 (j); the formula are: C f = 103.298 ⋅ f −0.793 ,
R f = 103.263 ⋅ ( f + 800) −0.903 , RP = 2.34. After modeling all three circles, the complete EIS plot,

together with the modeled fittings, is shown in Figure 5.45 (k).

Comparing the original

experimental data in Figure 5.45 (a) with the calculated fittings in Figure 5.45 (k), the model was
proven reasonable.
In addition, more EIS tests were performed at various temperatures to confirm the
repeatability of the tests. It was proven that the experimental design is practical and that data
generation during the electrochemical experiments is stable. Taking the EIS plot at 900ºF as an
example, it was found that this plot was also composed of high frequency inductance zone and
low frequency capacitance zone. The Warburg part, caused by the ion diffusion, was not detected
in the high frequency zone under this testing condition, because the experiment was running at
higher temperature (900ºF), compared with Figure 5.45 which was recorded at 850ºF. The
diffusion coefficient was greatly affected by the temperature, resulting in ion diffusion as the
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determinant step in the high frequency at 850ºF. Based on the equivalent circuit shown in Figure
5.47, the modeling process for EIS at 900ºF is shown in Figure 5.46. The same calculation
method discussed previously was applied except that there was no Warburg resistance (Rw). The
fitting parameters are summarized in Table 5.10.
5.4. Summary

This chapter covers the research on molten zinc/aluminum corrosion and dross formation
thermodynamics by applying electrochemistry research methods at both room temperature and
high temperature. Nucleation and stability of dross phases in equilibrium with the liquid phase
were investigated. A novel high-temperature electrochemical experimental methods presented
here are new to the research field of molten metal corrosion at temperatures above the melting
point of the tested zinc alloy. Furthermore, this work demonstrates for the fist time that all
regular electrochemical techniques and measurements, including polarization, impedance, and
cyclic voltammetry, could be used to study high-temperature corrosion and dross formation by
increasing the working temperature of the molten metal corrosion system. The main findings are
summarized as follows:
1.

In-situ high temperature electromotive force (EMF) measurements using an Al
concentration cell were applied to explore molten zinc/aluminum corrosion and dross
formation mechanisms in GI processes. The potential diagram was estimated to illustrate
the nucleation and stability domains of the dross phase in a molten Zn bath as functions
of working temperature (T) and immersion time (t). The EMF value was found to be
linear with temperature in the temperature domain ranging from 450ºC to 500ºC. In
detail, dross transformation from ζ phase to δ phase follows the linear equation:
E / V = −0.7043 + 1.2058 × (T /103 K ) ; the transformation from δ phase to Fe2Al5 phase
follows the linear equation: E / V = −0.1346 + 0.3906 × (T /103 K ) ; the transformation
from

Fe2Al5

phase

to

FeAl3

phase

follows

the

linear

equation:

E / V = −0.1636 + 0.1762 × (T /103 K ) .
2.

Reaction kinetics of dross nucleation are categorized primarily as a heterogeneous
precipitation and phase transformation, proceeded by supersaturation.

The high-

temperature polarization curves show that the zero charge potential values (vs. pure Al
reference) of the concentration cell are 0.231V (465ºC), 0.195V (480ºC), and 0.261V
(500ºC). The exchange current density, representing the instant reaction rate, increases
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with the applied temperature: 10-1.590A (465ºC), 10-1.342A (480ºC), 10-1.240A (500ºC). This
means that temperature accelerates the reaction procedure in the tested system.
Regardless of the various temperatures, all the calculated charge transfer numbers in the
dominate anodic reaction are close to 0.25 (1/4e-), indicating the “quarter electron
transfer” mechanism.
3.

In-situ high temperature electrochemical tests show dross nucleation and phase
transformation and therefore experimentally illustrate the nature of dross formation. A
mathematical model of equivalent circuits is built up based on experimental data obtained
from the high-temperature AC impedance tests. Each element in the equivalent circuit
was analyzed. The model fits the original experimental data with reliability over 99%.
The physical meaning of capacitance, inductance, and resistance properties of the
interface is explained. Typically, the standard Warburg resistance (RW) is interpreted as
the formula: RW = 10−0.570 ⋅ f −0.348 − j10−0.564 ⋅ f −0.345 . A strong inductive feature is observed
in the low frequency domain of complex plane plots, which could be interpreted in terms
of the following equation: L = 10−5.415 ⋅ f 1.023 . The inductive feature essentially reflects
desorption of inhibiting adsorbents. The phase element in the high frequency domain is
interpreted as the capacitive feature as C f = 103.298 ⋅ f −0.793 , and the resistance feature as
R f = 103.263 ⋅ ( f + 800) −0.903 . This phase element feature has been ascribed to the

propagation of edges over finite distances and the assumed rheological characteristics
along the interface.
4.

The room temperature electrochemical impedance spectroscopy (EIS) is conducted to
study the performance of zinc coated 316L steels by dissolving the coating layer and
exposing dross phases. It is observed from that the interfacial capacitance (C) decreases
and polarization resistance increases with the immersion time, indicating a continuous
charge transfer reaction across the GI bath (zinc - 0.22 wt% Al) coated steel and the
electrolyte interface.

5.

Although the corrosion potential of GI, GF, and AL coatings increases more towards the
noble direction with hot dipping time, it is found that the potential for GF and AL
coatings are always nobler than GI coating as Ecorr shifts towards more positive potential
corresponding to a flat potential band.
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Table 5.1 Bath Temperatures for On-line Corrosion Tests

Bath Material
Al-8Si (Type 1 aluminizing bath)
Zinc (galvanizing bath)
Zn-5Al (Galfan)

Bath Temperature (ºC)
660
460
490

Table 5.2 Composition and Properties of Alloy Layer in Hot-dip Galvanizing
Phases

Formula

Fe Content

Crystal Structure

E 0 (V)

Eta (η)

Zn (Fe)

0.03 wt %

HCP

-1.03

Zeta (ζ)

FeZn13

5 – 6 wt %

Monoclinic

\

Hexagonal

-0.88 to -0.85

FeZn7 / FeZn10 * 7 – 11.5 wt %

Delta (δ)
Gamma - 1 ( Γ 1)

Fe5Zn21

17 – 19.5 wt %

FCC

-0.83 to -0.79

Gamma ( Γ )

Fe3Zn10

23.5 – 28 wt %

BCC

-0.77 to -0.74

α – Fe

Fe (Zn)

99 + wt %

BCC

-0.67

Table 5.3 The parameters of line in figure 5.25 (b)
Parameter

A

B

R

SD

N

Value

2.61013

-0.56173

-0.99979

0.00795

71

Error

0.00452

0.00138

Note： C1(f) = 102.610f -0.562, R was reliability， SD was standard variance， N was
sampling points.
Table 5.4 The parameters of line in figure 5.25 (c)
Parameter

A

B

R

SD

N

Value

2.01357

-0.42354

-0.99816

0.01411

71

Error

0.01052

0.0031

Note： R1(f) = 102.014(f+300) -0.424, R was reliability， SD was standard variance， N
was sampling points.
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Table 5.5 The parameters of line in figure 5.25 (d)
Parameter

A

B

R

SD

N

Value

0.70632

-0.80463

-0.9982

0.01953

41

Error

0.00416

0.00773

Note： C2(f) = 100.706f -0.805, R was reliability， SD was standard variance， N was
sampling points.
Table 5.6 The parameters of line in figure 5.25 (g)
Parameter

A

B

R

SD

N

Value

-2.70822

-1.7755

-0.99715

0.02849

21

Error

0.0711

0.03079

Note： C3(f) = 10-2.708f -1.776, R was reliability， SD was standard variance， N was
sampling points.
Table 5.7 The parameters of line in figure 5.25 (h)
Parameter

A

B

R

SD

N

Value

-2.47177

-1.74471

-0.99953

0.0072

18

Error

0.02827

0.01336

Note： R3(f) = 10-2.472(f+0.002) -1.745, R was reliability， SD was standard variance， N
was sampling points.
Table 5.8 Summary of the Parameters in figure 5.25 (f)
Circle #1
R (f)
R

10

R

f-

0.424

0

0.562

0.706 -0.805

10

11.00

P

S

(f+300) -

2.610

C(f)

R

2.014

10

Circle #2

f

4.8

= 1.07
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Circle #3
-2.472

- 10

10

(f+0.002)

-2.708 -1.776

f

- 8.07

-1.745

Table 5.9 Summary of the Parameters in figure 5.45
Parameters

Formula

R

RL = 32

L

L = 10−5.415 ⋅ f 1.023

R

RP = 2.34

C(f)

C(f) = 103.298 ⋅ f −0.793

R(f)

R(f) = 103.263 ⋅ ( f + 800) −0.903

Warburg resistance

RW = 10−0.570 ⋅ f −0.348 − j10−0.564 ⋅ f −0.345

RS

R = 5.39

L

P

S

Table 5.10 Summary of the Parameters in figure 5.46
Parameters

Formula

R

RL = 6.3

L

L = 10−5.332 ⋅ f 0.948

R

RP = 0.83

C(f)

C(f) = 100.729 ⋅ f −0.517

R(f)

R(f) = 101.099 ⋅ ( f + 800) −0.902

RS

R = 1.497

L

P

S
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(a)

(b)

(d)

(c)

Figure 5.1 Cross sectional microstructure of 316L samples removal from the hot dipping bath
(a) 3 day immersion at GI bath (b) 8 hour immersion at GF bath (c) 24 hour immersion at AL
bath (d) AL dipping samples with 5 different dipping time: 2 hrs, 8 hrs, 1 day, 3 days, 10 days

Graphite Electrode

+
SCE

1 cm2

NaCl 50 g/ l

Figure 5.2 The sketch for the study of the room temperature electrochemical behavior of dross
included Zn/Al coated 316L
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(f)

(b)

(c)

(d)

(a)
(e)
Figure 5.3 Electrochemical corrosion test set up at WVU
(a) Overall electrochemical corrosion test set up; (b) corrosion cell; (c) reference electrode
tending to attach working electrode; (d) data acquisition system; (e) electronic signal generating
and collecting system; (f) data analysis software.

Figure 5.4 Electrochemical test apparatus and software
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(b)

(a)

(c)

(d)

Figure 5.5 (a) Specimen Assembly; (b) Specimen; (c) Mounting Rod; (d) Specimen Holder

(a)

steel

(b)

γ area: inhibition layer

α area: Zn layer

(δ +ζ) area: beging of
the inhibition layer and
end of the Zn grains
grains

ttaa ttbb tc
tc
Figure 5.6 (a) Principle of a curve potential vs. time; (b) Relationship of potential vs. time at
dissolution current i = 10 mA/cm2 for 2 hrs (specimen: 316L after dipping at GI for 2hrs)

203

-0.70

0.6

(b)
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GZ 2 hrs by Galvanostatic Selective Dissolution (20mA)

Potential (V) vs. SCE

0.4
0.2

-0.75

(a)

gamma (-0.77 V ~ -0.75 V)
-0.80

0.0

gamma1 (-0.83 V ~ -0.79 V)

-0.2
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-0.4
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Figure 5.7 (a) Relationship of potential vs. time at dissolution current i = 20 mA/cm2 for 6 hrs
(specimen: 316L after dipping at GI for 2hrs); (b) Determination of different phases from (a)
(a)

(b)

Figure 5.8 Micrograph of GI 2-hours coated 316L steels after selective galvanostatic
electrochemical dissolution by DC current 10 mA/cm2 for 2 hrs at (a) low mag, and (b) high mag

(a)

(b)

Figure 5.9 Micrograph EDX configuration of different phases from the specimen of GI 2-hours
coated 316L steels after selective galvanostatic electrochemical dissolution by DC current 10
mA/cm2 for 2 hrs. (a) spot 1 the white part in figure 5.8; (b) spot 2 the dark part in figure 5.8.
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Figure 5.10 Micrograph of GI 2-hours coated 316L steels after selective galvanostatic
electrochemical dissolution by DC current 20 mA/cm2 at (a) low mag, and (b) high mag

Figure 5.11 Micrograph of GI 8-hours coated 316L steels after selective galvanostatic
electrochemical dissolution by DC current 20 mA/cm2 (a) dross particles (b) nano scaled pins
1.5
1.0
0.5

E ( V vs. Hg/Hg2Cl2 )

0.0

316L Dipping in GZ for 2 hrs
316L Dipping in GZ for 24 hrs
316L Dipping in GZ for 72 hrs
0
E = -1.268V
0.411 V

0.237 V

0.898 V

-0.5
-1.0

-830 mV

-1.5
-2.0
-2.5

2

2

0.0028 A/cm

0.034 A/cm

2

0.117 A/cm

-6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5

0.0

2

logi (A/cm )

Figure 5.12 Potentiodynamic polarization curves of 316L steel specimens after dipping at GI
for 2hours, 24 hours and 72 hours.
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Figure 5.13 Potentiodynamic polarization curves of 316L steel specimens after dipping at (a)
GF for 2hours, 8 hours and 68 hours (b) AL for 2hours, 24 hours and 72 hours
Gf2hrs,
Al2hrs,
GZ2hrs,

3

Gf8hrs,
Al24hrs,
GZ24hrs,
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Al72hrs
GZ72hrs
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0

Figure 5.14 The summary of potentiodynamic polarization curves of 316L steel specimens after
dipping in the bath of GI, GF, and AL for various of time duration.
(b)

(a)

Figure 5.15 Micrographs of pittings after the potentiodynamic polarization of 316L steel
specimens after dipping at GI for (a) 24 hours, and (b) 8hours.
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(a)

(b)

(c)

(d)

Figure 5.16 Micrographs of pittings after the potentiodynamic polarization of 316L steel
specimens after dipping in (a) Galvanizing (b) Aluminizing (c) and (d) Galfan8hours.
(a)

(b)

Figure 5.17 Micrographs of GI 24-hours coated 316L steel after the potentiodynamic
polarization. (a) dross particles (b) ZnCl2 nano pins

207

(b)

(a)

FeAlSi
AlSi

FeZnAl

(c

Figure 5.18 Micrographs of Zn-Al coated 316L steel after the potentiodynamic polarization. (a)
Aluminizing (b) Galfan (c) Nano scaled pins on the laminated surface
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Figure 5.19 EIS plots (AC = 10mV, DC = 0) for 316L steel specimen after dipping at GI for
24hours. (a) Nyquist plot (b)&(c) Bode plots
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(b)

(a)

Figure 5.20 Bode plots (AC = 10mV, DC = 0) for 316L steel specimens after dipping at GI for
2 hours, 8 hours and 24hours.
(a)

(b)

(c)

Figure 5.21 EIS plots (AC = 30mA, DC = 0) for 316L steel specimens after dipping at GI for 2
hours, 8 hours and 24hours. (a) Nyquist plot (b)&(c) Bode plots
(a)

Area 2
Area 1
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(c)

(b)

(e)

(d)

Figure 5.22 Micrographs of GI 24-hours coated 316L steel after the EIS test (AC = 30mA, DC =
0) (a) Surface micrograph with low magnification; (b)&(d) high magnification micrographs of
area 1; (c)&(e) high magnification micrographs of area 2
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(a)

(b)

(c)

(d)

Figure 5.23 EDX of GI 24-hours coated 316L steel after the EIS test (AC = 30mA, DC = 0)
(a)&(b) EDX spectra of area 1 in figure 5.22; (c)&(d) EDX spectra of area 2 in figure 5.22

Figure 5.24 The equivalent circuit of the EIS diagram in figure 5.19 for GI coated 316L sample.
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Figure 5.25 The modeling and math fittings of the equivalent circuit (Figure 5.24) of the EIS
diagram (Figure 5.19).
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Figure 5.26 Micrographs of GI 8-hours coated 316L steel after the CV test (potential scanning
from -1.35 V to -1.75 V to -0.90 V to -1.35 V vs. SCE, scanning rate 20 mV/s) (a) CV plot;
(b)Surface micrograph with shallow pitted areas; (c) pits; (d) microcrystallines of corrosion
products
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Figure 5.27 Power Spectral Density (PSD) Analysis at Open Circuit (a) time domain (b)
frequency domain
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Figure 5.28 Power Spectral Density (PSD) Analysis at active-passive zone I (E = -0.8 V) (a)
time domain (b) frequency domain
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Figure 5.29 Power Spectral Density (PSD) Analysis at active-passive zone II (E = -0.2 V) (a)
time domain (b) frequency domain
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(a)
(b)

NaCl + Liquid

Figure 5.30 Phase diagram of NaCl-AlCl3 system (a) temperature range from 0 to 800ºC (b)
temperature range from 350 to 500ºC

(c)
(b)

(g)

(e)

(a)

(d)

(e)

(d)
(f)

Figure 5.31 High Temperature Electrochemical Setup (a) Solartron 1287 and 1260 (b) computer
(c) data recording (d) vacuum tube furnace (e) Power controller and temperature controller (f)
argon gas supplier (g) data analysis software
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(a)

(b)

(c)

(d)

Figure 5.32 Apparatus for High Temperature Electrochemical Tests (a) β alumina cup (b) 316L
specimen (c) aluminum rods at purity 99.999% as RE (d) tungsten leads

(a)
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(c)

(b)

Figure 5.33 Schematic of the Vacuum Tube Furnace Setup for the High Temperature
Electrochemical Test (a) schematic of sideview (b) schematic of topview (c) topview of the
internal furnace chamber
(b)

(a)

Figure 5.34 Cross sectional interface micrograph of 316L steels dipping in GI bath after (AlCl3NaCl) molten salt based EMF test at 890ºF at (a) low mag, and (b) high mag
(a)

1

2
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(b) Point 1

(c) Point 2

Figure 5.35 Cross sectional interface micrograph and chemical analysis of 316L steels dipping
in GI bath after (AlCl3-NaCl) molten salt based EMF test at 890ºF at (a) SEM; (b)&(c) EDX
of points labeled in (a)
(a)
(b) Point 1

1

2
3

(d) Point 3

(c) Point 2

Figure 5.36 Cross sectional interface micrograph and chemical analysis of 316L steels dipping
in GI bath after (AlCl3-NaCl) molten salt based polarization test at 890ºF at (a) SEM;
(b)&(c)&(d) EDX of points labeled in (a)
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Figure 5.37 EMF response to the temperature change into the (AlCl3-NaCl) molten salt based
(316L + molten Zn-0.22Al) system (a1) EMF – time plot; (a2) EMF – Al% plot [28]; (b1)&(c1)
EMF – temperature plot; (b2)&(c2) EMF labeled with phase transformation [34]; (d1) liquidus
of the Fe-Zn-Al-Cr system at 450ºC (d2) the Zn-rich corner of the Zn-Fe-Cr system at 450ºC
Note: the plots above are recorded of 316L dipping Zn-0.22Al bath after (b1) 1 hour; (c1) blue
line 5 hours; (c1) black line 11 hours
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Figure 5.44 Equivalent circuit of high temperature EIS data in Figures 5.43 and 5.45
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Figure 5.45 Data analysis on the equivalent circuit of high temperature EIS data in figure 5.43
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Figure 5.46 Data analysis of EIS Plots of (AlCl3-NaCl) molten salt based EIS to (316L+molten
Zn-0.23Al) system at 900ºF (AC 30 mV and DC 0 mV).

Figure 5.47 Equivalent circuit of high temperature EIS data in Figures 5.46
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Chapter 6

Conclusions
6.1. Conclusions
The following conclusions are drawn from research presented in the proceeding chapters.
1. Static and dynamic laboratory tests simulating pot hardware (316L stainless steel with and
without WC-Co thermal spray or MSA2020 weld overlay) in a GI bath were conducted.
Dross particle size distribution was found to follow a normal distribution with an average
particle size of 33 microns. This compares well with average particle size measurements of
35 microns in industrial GI baths. Agreement of laboratory results with industrial
measurements helps confirm subsequent experimental conclusions drawn for corrosion
resistance and dross formation mechanisms.
2. The reaction processes for molten Zn-Al corrosion attack to stainless steel were found to
occur in three stages. Initially, the Al from the bath reacts with Fe from the base materials to
form an iron-aluminide layer. Next, the reaction front penetrated the substrate through inward
diffusion of Al. And finally, Zn-rich zones formed behind the reaction front as a result of Al
depletion. The reaction layer always contains plenty of iron aluminide, which provide ideal
sites for attachment onto sample surfaces of Fe2Al5 particles pre-existing in the molten alloy
baths. They would also serve as ideal sites for the nucleation and growth of Fe2Al5 particles
on the sample surface. Both factors would contribute to the build-up of the Fe2Al5 layer on
the sample surfaces. The observation made in this study indicated that the reaction of the roll
materials with the galvanizing alloy played an active role in the dross build-up. An
understanding of this reaction mechanism is helpful in designing and selecting improved
corrosion and dross buildup resistant materials for hardware used in molten Zn-Al baths. It
also provides insights for developing new metallic alloys having low diffusion/reaction rates
with molten Zn-Al.
3. A comparative study of the reactive wettability and corrosion resistance against molten ZnAl attack was carried out for several hardware materials used in Zn-Al systems. MSA2020
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(cast and weld overlay) displayed the best corrosion/dross buildup resistance, while the bare
316L stainless steel was the weakest. WC-Co coating (thermal spray) exhibited good nonwetting performance in a dross-laden liquid zinc bath for the first 15 days of the test.
However, once the coating was partially cracked and/or spalled from the substrate due to the
Al reaction with binding materials in the coating, liquid metal penetrated along the cracks
and reacted rapidly with the substrate. Dynamic rotation markedly accelerated corrosion rates
of the materials.
4. The reactive wetting behaviors in molten aluminum (Al) and Al alloy were investigated for
three types of alumina-silicon carbide composite refractory materials at 900ºC. The initial
contact angle between the liquid Al/Al alloy and the three refractory substrates was found to
be greater than 90° and to remain greater than 90° although gradually decreasing during the
first hour of the experiment. Among the three refractory substrates tested, namely TC, TQ
and MC, it was found that TC showed higher contact angle values than TQ and MC, which
indicated that TC has better non-wetting performance in molten Al/Al alloy. The difference
in wetting properties among three types of refractories is attributed to their microstructural
and compositional variations. The Mg in the 5083 alloy (Al alloy containing 5 Mg wt%)
apparently promoted wettability of molten Al on refractory substrates.
5. Surface reactions were found by EPMA mapping to initiate even though the liquid metal and
solid base were discovered as the contact angle larger than 90°. This implies that assessment
of material wettability based only on the contact angle value may underestimate the extent of
the reactive wetting. Terms of “micro-wetting” and “macro-wetting” were defined and
utilized to clarify the reactive wetting behaviors. This finding could, in part, explain
discrepancies in results reported by different researchers on wetting and reaction
performance of materials in molten alloys.
6. In-situ high-temperature electromotive force (EMF) tests using an Al concentration cells
were conducted to explore the molten zinc/aluminum corrosion and dross formation
mechanisms in GI processes. Potential plots are estimated to illustrate the nucleation and
stability domains of the dross phase in a molten Zn bath as functions of working temperature
(T) and immersion time (t). The EMF value was found to be linear with temperature from
450ºC to 500ºC. Dross transformation from ζ phase to δ phase follows the linear equation:
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E / V = −0.7043 + 1.2058 × (T /103 K ) ; the transformation from δ phase to Fe2Al5 phase
follows the linear equation: E / V = −0.1346 + 0.3906 × (T /103 K ) ; the transformation from
Fe2Al5

phase

to

FeAl3

phase

follows

the

linear

equation:

E / V = −0.1636 + 0.1762 × (T /103 K ) .
7. In-situ high-temperature electrochemical tests detected dross nucleation and transformation,
thus experimentally evaluating and illustrating the nature of dross behavior. Those tests
included potentiodynamic polarization, galvanodynamic polarization, cyclic voltammetry,
and electrochemical impedance spectroscopy. A mathematical model of equivalent circuits
was built based on experimental data obtained from the high-temperature AC impedance
tests. The EIS spectrum simulation allows a study of the Faradaic system through the
equivalent circuit elements and, therefore, predicts interfacial absorption-reaction behaviors
and inductance/capacitance/resistance properties of the tested electrochemical system with
regard

to

variations

in

experimental

conditions.

By

analyzing

the

inductance/capacitance/resistance value in the equivalent circuit and their changes as
influenced by the working electrode surface status (composition, surface activity, roughness,
etc.), the dross formation and agglomeration processes could be studied and furthermore
predicted.
8. By analyzing the high temperature EIS test results, the standard Warburg resistance (RW) was
estimated by the formula: RW = 10−0.570 ⋅ f −0.348 − j10−0.564 ⋅ f −0.345 . A strong inductive feature

was observed in the low frequency domain of complex plane plots, which could be
interpreted in terms of the following equation: L = 10−5.415 ⋅ f 1.023 . The inductive feature
essentially reflects desorption of inhibiting adsorbents, such as intermetallic phases. The
phase element in the high frequency domain was interpreted as the capacitive feature
C f = 103.298 ⋅ f −0.793 , and the resistance feature R f = 103.263 ⋅ ( f + 800) −0.903 . This phase element

feature has been ascribed to the propagation of edges over finite distances and the assumed
rheological characteristics along the interface.
9. The high-temperature polarization curves show that zero charge potential values (vs. pure Al
reference) of the concentration cell are 0.231V (465ºC), 0.195V (480ºC), and 0.261V
(500ºC). Reaction kinetics of dross nucleation are categorized primarily as heterogeneous
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precipitation and phase transformation, proceeded by supersaturation. The exchange current
density, representing the instant reaction rate, increases with the applied temperature: 101.590

A (465ºC), 10-1.342A (480ºC), 10-1.240A (500ºC). This means that temperature accelerates

reactions in the tested system. Regardless of the various temperatures, all the calculated
charge transfer numbers in the dominating anodic reaction are close to 0.25 (1/4e-),
indicating the “quarter electron transfer” mechanism.

6.2. Contributions

The most significant contributions of this work are
1) Experimental identification of corrosion rate and dross size distribution under GI
operating conditions. Based upon physical simulation in a lab-scale GI bath, the corrosion

rate of the steel was found to follow the parabolic law after a stabilized period. A careful
examination of average value of the dross size agrees with that obtained in GI industrial
measurements. It provides great credibility to rankings of hot-dip hardware materials
obtained in this research at a fraction of the cost of full-scale industrial trials.
2) Evaluation and ranking of different hardware materials performance in simulated GI
bath, and assessment of new materials which could potentially be utilized in continuous
galvanizing operations. The Fe-based superalloy, MSA2020, can be readily applied as a

new material for submerged pot hardware in GI processes, based on satisfactory non-wetting
behavior and excellent corrosion resistance.
3) Discovery of reactive wetting mechanisms and alloying constituent effects on materials
wettability and liquid metal corrosion resistance. The key composition variables studied

are carbides, which are major strengthening phases in the MSA2020 superalloy and TCON
composites. The addition of a reactive metal, i.e., Mg, to the liquid drop increases the
wetting behavior and the interaction with the substrate by forming a new phase (MgAl2O4).
4) Development of high temperature electromotive force (EMF) and electrochemical
testing methods for in-situ determination of nucleation and transformation
characteristics of dross phases in GI operations. These methods can significantly improve

research techniques and understanding of reaction kinetics in molten metal corrosion,
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especially with the interpretation of corrosion in molten metal system at high temperatures.
Prior to the research reported in this dissertation, the use of high-temperature electrochemical
tests (i.e. polarization and EIS) to explain dross agglomeration has not been reported in the
literature.
5) Development of a model using the equivalent circuit approach to analyze high
temperature AC impedance spectra. The EIS spectrum simulation is capable of predicting

the interfacial behavior of Faradic systems in terms of variations in experimental conditions.
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